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ABS TRA CT  
  
Pe r l ec an  i s  t he  m ajo r  he par a n  su l f a t e  p r o t eog l yca n  ( HSPG)  in  
g r owth  p l a t e  c a r t i l age  and  i s  c r i t i ca l  f o r  g r owth  p l a t e  c hondr o cy t e  
p r o l i f e r a t i on  a nd  p r op er  sk e l e t a l  de ve l opmen t .  I t s  co r e  p r o t e i n  and  
a t t a che d  chon dr o i t i n  su l f a t e  ( C S)  and  hepar an  s u l f a t e  ( HS)  ch a in s  
med ia t e  i n t e r ac t ion s  wi t h  many  d i ve r se  p r o t e in s .  F ib r ob l as t  g r owth  
f ac to r  ( FGF) - 2  a nd  FGF- 18  a r e  o th e r  r egu l a to r s  o f  chon dr ocy te  
p r o l i f e r a t i on  in  t h e  g r owt h  p l a t e .  Add i t i ona l l y ,  FGF- 18  co n t r o l s  t he  
hyper t r o phy  a nd  ca r t i l ag e  va sc u la r i za t i on  nec e ss a r y  f o r  
endo chon dr a l  o ss i f i c a t i on .  T he  r e se a r c h  p r es en t ed  in  t h i s  
d i s se r t a t i on  a ime d  to  i de n t i f y  kno wn a nd  nove l  pe r l e ca n - b ind i ng  
p r o t e in s  t h a t  a r e  e ndog eno us  t o  t he  g r o wth  p l a t e  an d  to  ch ar ac t e r i z e  
t he i r  i n t e r ac t ion s  wi th  p e r l e can .  
FGF- 2  ( know n to  b ind  HS PG s)  bound  t o  pe r l e can  in  b o th  a  
ca t i o n i c  f i l t r a t i on  ( CAF)  a s say  a nd  an  immunopr ec i p i t a t i on  ( I P )  
a s sa y  p r imar i l y  v i a  t h e  HS  ch a in s  on  p e r l ec an .  Wh en  d ig es t ed  wi th  
chondr o i t i n as e  AB C to  r em ove  i t s  CS  c ha in s ,  pe r l e ca n  augm en t ed  
b ind in g  o f  FGF- 2  to  t he  F GFR- 1  and  F GFR- 3  r e cep t o r s  and  
inc r e as ed  FGF- 2  - s t imu l a t e d  p r o l i f e r a t i on  in  B aF3  ce l l s  expr e s s ing  
 vii 
t he se  FGF  r e cep to r s .  T hu s ,  g r owth  p l a t e  pe r l e can  b ind s  t o  FGF- 2  b y  
i t s  HS  c ha in s  bu t  can  o n ly  de l ive r  FGF - 2  to  FGF  r ece p to r s  whe n  i t s  
CS  ch a in s  a r e  r em ove d .  
FGF- 18  ( kno wn to  b in d  to  hep ar in  a nd  to  hepar an  su l f a t e  f r om 
som e sour ce s)  bou nd  to  g r ow th  p l a t e  p e r l ec an .  T h i s  b ind in g  wa s  
unch ang ed  by  ch ondr o i t i na s e  o r  hep ar i t i na se  d ig e s t i on  o f  p e r l e can ,  
i nd i c a t ing  t ha t  p e r l ec an  G AG s a r e  no t  i nvo lv ed  in  FGF- 1 8  b ind i ng .  
FGF- 18  bou nd  equ a l ly  t o  r ecom bin an t  domain s  I - I I I  o f  pe r l e can  
( Al t1 )  and  to  f u l l - l en g th  pe r l ec an  pu r i f i ed  f r om the  g r o wth  p l a t e .  
Add i t i ona l l y ,  FGF- 18  bo und  eq ua l l y  t o  r ecombi nan t  d omai n  I I I  o f  
pe r l e can ,  t o  Al t1  and  t o  Al t2  ( a  d omai n  I - I I I  va r i an t  wi th  n o  hep ar an  
su l f a t e ) .  T her e f o r e ,  b ind in g  s i t e s  f o r  FGF- 18  a r e  p r es en t  i n  d omain  
I I I  o f  pe r l eca n .  
Af f in i t y  c h r omat ogr ap hy  i so l a t ed  h i s to ne  H3  a s  a  p e r l ec an -
b ind in g  p r o t e i n  f r om the  c hondr o cy t e  mat r ix .  CAF as s ays  conf i r m ed  
the  i n t e r ac t ion  a s  s pe c i f i c ,  de pen den t  p r imar i l y  o n  HS  ch a in s  o f  
pe r l e can ,  a l t houg h  CS  c ha in s  an d  the  p e r l ec an  co r e  wer e  a l so  
i nvo lv ed .  I mmuno h i s toch emi s t r y  d e t e c t ed  pe r l ec an  an d  h i s t one  H3  
co lo ca l i zed  in  g r owth  p l a t e  ca r t i l ag e .  T hes e  r es u l t s  can  h e lp  u s  
be t t e r  u nder s t a nd  the  g r owth  f a c to r - in depe nde n t  con t r o l  t ha t  
pe r l e can  e xer t s  on  e ndoc hondr a l  o ss i f i ca t i o n  and ,  t h e r e f o r e ,  l o ng  
bone  g r o wth .  
 1 
 
 
 
 
CHAP T ER ON E 
 
IN TROD UC TI ON 
 
The  Gr owt h  P la t e  and  Long  Bone  G r owt h  
 T he  g r owth  p l a t e  i s  t h e  p r inc i pa l  r e gu l a to r  o f  l ong i tud in a l  
bone  g r o wth  in  hu man s  an d  an im al s .  L ong i tu d ina l  g r owth  i s  
con t r o l l ed  by  m ul t i p l e  env i r onm en ta l ,  gene t i c ,  ho r mo na l ,  an d  
nu t r i t i on a l  f a c to r s .  T oge th e r ,  t hes e  f ac to r s  de t e r min e  ad u l t  he i gh t  
by  in f lue nc in g  the  p r o l i f e r a t i on  a nd  d i f f e r en t i a t i on  o f  c hondr ocy t e s  
i n  t he  g r ow th  p l a t e .  T he  r eg i on  o f  ca r t i l age  k nown as  t h e  g r ow th  
p l a t e  i s  p r e se n t  on ly  i n  bon es  t h a t  f o r m th r ough  a  ca r t i l age  
p r ecu r so r ,  t ha t  i s ,  by  en doc hondr a l  o ss i f i ca t i on .  I n  t he se  
endo chon dr a l  bo ne s  ( su ch  a s  t he  m and i b l e ,  r i b s ,  l imb s  a nd  d ig i t s )  a  
g r owth  p l a t e  i s  s i t ua t ed  b e twe en  th e  ep iphy sea l  and  m etap hy sea l  
r eg ion s  o f  bon e  a t  t h e  d i s t a l  e nd s  o f  t h e  l ong  bo ne s  ( F igu r e  1 * ) .  
 
 
The Gr owt h  P la t e  
1a .  Or ig in  
 T he  f o r mat io n  o f  chon dr oc y te s  ( cho ndr ogen es i s )  i s  a  h igh ly  
r egu la t ed  p r o ce s s .  T he  cho ndr opr o gen i to r  ce l l s  a r e  m es en chym al  
s t em ce l l s  ( MS C s) .  T he  MS Cs a r i s e  f r o m d i f f e r en t  l o ca t ion s  
depe nd ing  o n  the i r  t a r ge t s  i n  e mbr yog e nes i s .  Fo r  ex ampl e ,  ce l l s  t h a t  
wi l l  be come chon dr ocy te s  i n  ve r t eb r a e  and  r i b s  o r i g in a t e  f r om th e  
pa r ax i a l  me sod er m wh er e as  c e l l s  de s t i ned  f o r  l imb  c a r t i l age  
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or ig ina t e  f r om the  l a t e r a l  me sod er m ( d e  Cr ombr u ggh e ,  L ef ebvr e  e t  
a l .  2000) .  I n  t he  em br yo ,  en doch ondr a l  o ss i f i ca t i on  in i t i a t e s  wi th  
MSC cond en sa t i on  ( t ha t  i s ,  t he  MSC s f o r m c lu s t e r s  and  adh er e  v i a  
adhe s io n  mole cu l es )  ( H a l l  an d  Miy ak e  2000)  an d  p r ogr e s se s  t o  t h e  
sub se que n t  d i f f e r e n t i a t i on  o f  t h e  MS Cs  in to  chon dr og en ic  ce l l s .  
E ven  a f t e r  d eve lopm en t  en ds ,  MSC s a r e  know n to  pe r s i s t  a s  s t em 
ce l l s  i n  t h e  bone  m ar r ow o f  a du l t  ma m mals ,  w her e  t h ey  r e t a in  t h e  
cap ac i t y  t o  be come chon dr ocy t e s  ( Ma g ne ,  Ju l i en  e t  a l .  2005) .  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
F igure  1 :  L oc a t ion  and  o r g an iz a t io n  o f  t he  g r owth  p l a t e .  *F r om van  
de r  E er den ,  B .  C .  J .  e t  a l .  E ndo cr  Re v  2003 ;2 4 :782- 801  
 
As in  a d ipog en es i s ,  myo gen es i s  o r  o s t e ogen es i s ,  MS C 
d i f f e r en t i a t i o n  in to  c hondr ocy t e s  i s  c o n t r o l l ed  b y  DN A t r an sc r ip t i on  
f ac to r s .  I n  chon dr oge ne s i s ,  t h i s  f a c to r  i s  Sox9  ( O l s en ,  Re g ina to  e t  
a l .  2000) .  MS Cs,  i n  r e sp on se  t o  T GF- ß  and  f i b r on ec t i n ,  s t a r t  
f o r ming  p r e chon dr ocy t i c  c onde ns a t io n s  a t  d i f f e r en t  s i t e s  i n  t h e  
embr yo .  T h i s  occ ur s  a t  a r oun d  mid - g es t a t i on  ( ~E 1 0 . 5 )  i n  mice  
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( L ef ebvr e ,  L i  e t  a l .  19 98) .  By  E 12 . 5 ,  c a r t i l ag e  i s  f o r m ing  a c t iv e ly  i n  
a l l  de s t i n ed  c a r t i l a g ino us  ( suc h  as  ea r  and  no se  c a r t i l age )  a nd  
endo chon dr a l  ( s uch  as  r i b  a nd  l imb  b o ne)  s t r u c tu r e s .  I n  
i n t ra me mb rano us  o s s i f i c a t i on  ( w h ic h  g ive s  r i se  t o  bon es  suc h  as  t he  
f l a t  bon es  o f  t h e  sk u l l ) ,  t he  c ond ens ed  ce l l s  d i f f e r en t i a t e  i n t o  bon e-
f o r ming  o s t eo b la s t s ,  wh ic h  then  se c r e t e  a  bony  m at r ix  r i c h  i n  t ype  1  
co l l a gen .  Ho wev er ,  i n  t he  mor e  comm o n  endo chon dr a l  o s s i f i ca t i on ,  
t he  ce l l s  i n  t he  mid d le  o f  t h e  con den sa t ion  c lu s t e r  bec ome 
chondr ocy t e s  and  c e l l s  on  th e  bo r der  f o r m a  pe r i c hondr i um.  
Sc i en t i s t s  f i r s t  r ea l i ze d  the  imp or t an ce  o f  Sox9  in  chon dr og ene s i s  
on  d i s cov er ing  So x9  mu t a t i o ns  a s  t h e  e t i o logy  f o r  c ampo mel i c  
dysp la s i a  ( CD) .  CD i s  a  r a r e ,  sev er e ,  l e tha l  d war f i sm in  hum an s  
( Fos t e r ,  Do mingu ez- S t eg l i ch  e t  a l .  199 4 ;  Wagn er ,  Wi r th  e t  a l .  
1994) .  CD p a t i e n t s  hav e  abn or mal i t i e s  i n  e s se n t i a l l y  a l l  ca r t i l age -
der ive d  bon es  i n c lud ing  th e  c r an io f a c i a l  bone s ,  ve r t eb r a l  co lu mn,  
r i b s  an d  l imb s .  T he  bow ed ,  ang u la t ed  bone s  an d  o the r  ske l e t a l  
de f ec t s  o f  CD pa t i en t s  r e su l t  f r om d ef e c t ive  chon dr ocy te  
d i f f e r en t i a t i o n  wi th i n  t he  MSC cond en sa t i on s  and  th e  r e su l t i ng  
de f i c i en t  p r o duc t i on  o f  ch ondr o cy te s .  
T he  Sox9  g en e  i s  ub i qu i to us  i n  chon dr opr oge n i to r  c e l l s  and  in  
t he  cho ndr o cy te s  t h ey  be com e ( de  Cr o mbr uggh e ,  L ef ebvr e  e t  a l .  
2000) .  Sox9  c on ta ins  a  DNA b ind in g  d omain  a nd  a  s t r ong  
t r ans c r ip t i on  a c t iva t ion  do main ,  m ak in g  i t  a  po t e n t  t r an sc r i p t i on  
f ac to r  t h a t  b ind s  t o  t h e  gen e s  f o r  chon dr ocy e- sp ec i f i c  mar k er s  su ch  
as  c o l l a gen  T yp e  I I  and  ag gr ec an .  I f  Sox9  i s  mu ta t ed  o r  ab se n t  i n  
mous e  mod e l s  t he se  mar ker  p r o t e in s  a r e  no t  expr e ss ed  in  t h e  MS C 
and  a  b lo ck  o ccur s  a t  t h e  po in t  wher e  cond en sa t i on  wou l d  no r ma l ly  
occur  ( d e  Cr ombr uggh e ,  L ef ebvr e  e t  a l .  2000) ,  mak ing  th e  c e l l s  
unab l e  t o  d i f f e r en t i a t e  i n t o  cho ndr og e n ic  p r e cu r s o r s ,  ev en  th ough  
the i r  mig r a t i on  to  t h e  wo u ld - be  cond en sa t i on  s i t e  i s  unaf f ec t ed  ( Bi ,  
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Deng  e t  a l .  1999) .  T he  p e r i ch ondr iu m i s  t he  o n ly  f i na l  l oc a t ion  o f  
suc h  Sox9  nu l l  ce l l s ;  t he  MS C s thu s  m ig r a t e  t o  t he  co nde ns a t io n  
cen t e r  f i ne  wi t hou t  So x9  bu t  do  n o t  d i f f e r en t i a t e  i n t o  cho ndr oc y te s  
wi thou t  Sox9  d r iv i ng  i t s  cho ndr oc y te - s pec i f i c  gen e t i c  p r ogr am.  
 
1b .  Gr owth  P l a t e  S t r u c tu r e  
T he  g r owth  p l a t e  con t a in s  on ly  o ne  typ e  o f  ce l l ,  t h e  
chondr ocy t e .  How ever ,  t h e  cho ndr oc y t es  a r e  o f  t h r ee  d i f f e r en t  su b -
type s  com pr i s i ng  th e  t h r ee  d i s t i nc t  h o r i zon t a l  l ay e r s  o f  t h e  g r owt h  
p l a t e  ca r t i l age ,  t h e  r e s t i ng  ( w her e  t h e  s t em ce l l s  a r e ) ,  p r o l i f e r a t i ve  
and  p r e hyper t r oph i c /hy per t r op h ic  z one s  ( F igu r e  1 ) .  T he  g r o wth  p l a t e  
ca r t i l age  e x i s t s  o n ly  du r i ng  the  g r owth  pe r iod  o f  mo s t  an i mal s ,  f o r  
exam ple ,  up  to  pu ber ty  i n  huma ns .  Af t e r  t he  g r ow th  pe r io d ,  t he  
ca r t i l age  i s  com ple t e ly  r e so r b ed  a nd  r e p l ac ed  by  bo ne .  
T he  th r ee  t ype s  o f  cho ndr o cy te s  i n  t h e  g r owth  p l a t e  a r e  
b ioch emic a l ly ,  f un c t io na l ly  and  mor p h o log ic a l ly  d i s t i nc t .  T he  mo s t  
ep iph ys ea l  o f  t h e  zon e s  i s  t h e  r e s t i ng  z one .  Her e ,  chondr ocy t e s  a r e  
smal l e s t ,  r a r e ly  mi to t i c ,  a nd  a r e  a r r ang ed  i r r egu l a r ly  i n  t h e i r  s pa r se  
ca r t i l age  m at r ix .  T he  r e s t i n g  zon e  ce l l s  a r e  r e l a t i v e ly  qu i e sc en t  bu t  
t hey  a r e  c r uc i a l  f o r  p r op er  a r r ang em en t  o f  t he  o the r  u nder l y ing  
co lumn s  o f  c e l l s  and  th us ,  f o r  p r omo t i on  o f  un id i r e c t i o na l  
l ong i tu d ina l  bon e  g r owth .  T he  r e s t i ng  zone  i s  t ho ugh t  t o  con t a in  
s t em- l ike  c e l l s  wi th  a  un ip o ten t  ab i l i t y  t o  gener a t e  n ew c e l l s  o f  t he  
p r o l i f e r a t i ve  zone  ( H unz i ker  19 94) .  
On  som e ye t  u nkno wn s t imu lu s ,  t h e  mo r e  matu r e  r e s t i ng  c e l l s  
d iv ide  t o  p r odu ce  tw o  ce l l s ;  o ne  r e t a in s  t he  s t em- l ike  r e s t i ng  ce l l  
pheno type  and  th e  o th e r  bec ome s  p r o l i f e r a t i v e .  Upon  d i v i s ion  o f  a  
ce l l  i n  t h e  p r o l i f e r a t i v e  zo ne  ( a  c e l l  t h a t  i s  no w f ive  t im e s  b igg er  
t han  a  r e s t i ng  ce l l  ( Noon an ,  Hun z ik er  e t  a l .  1998) )  t h e  ne wly  f o r me d  
c lon e  l i ne s  up  p a r a l l e l  t o  t he  l ong  a x i s  o f  t he  bone .  T h i s  r e su l t s  i n  
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expa ns i on  o f  co l umn s  o f  ce l l s  o r i en t ed  a long  th e  l eng th  o f  t he  b one ,  
l ead i ng  to  bo ne  e l onga t ion .  T h i s  a l i g n men t  o f  t he  p r o l i f e r a t i v e  ce l l s  
i n to  co l umn s  pa r a l l e l  t o  t he  e l onga t ion  d i r ec t i o n  o f  t he  bo ne  i s  
d i r ec t ed  by  a  m or phog en  syn th e s i z ed  b y  r es t i ng  ce l l s  ( A bad ,  Mey er s  
e t  a l .  2002) .  I n  t he  p r o l i f e r a t i ng  zone ,  t he  ce l l s  n o t  on ly  a l i gn  i n to  
co lumn s ,  bu t  t h ey  a l so  f l a t t e n ,  d iv id e  r ap id ly  and  syn th e s i z e  l a r g e  
amoun t s  o f  ex t r ac e l lu l a r  ma t r i x  o r  E C M ( up  to  46%  mor e  t han  
r es t i ng  ce l l s )  w h ich  i n  t u r n  mai n t a i ns  t he  s t r u c tu r e  o f  t he  g r o wth  
p l a t e .  
T he  s t im u lu s  f o r  p r o l i f e r a t i ng  chon dr o cy te s  t o  p r ogr e ss  
t h r ough  th e  f i na l ,  m a tu r e  ph a se  o f  t h e  hyper t r o ph ic  zon e  i s  t ho ugh t  
t o  be  exp os ur e  t o  l o ca l  g r o wth  f a c to r s  i n  t he  g r ow th  p l a t e .  T he  
I nd ian  h edg ehog /P ar a t hy r o id  h o r mon e- r e l a t e d  pep t ide  ( I hh /PT Hr P)  
pa thw ay  c au se s  p r o l i f e r a t i n g  cho ndr oc y te s  t o  s to p  d iv id ing  a nd  s t a r t  
d i f f e r en t i a t i n g  to  en t e r  t he  n ex t  ph a se :  hyper t r op hy  ( Mi n ina ,  
Kr es ch e l  e t  a l .  20 02) .  Wi th  t h i s  ph as e  a l s o  com es  a  m ar ke d  inc r e a se  
i n  ce l l  s i z e  ( a  ce l l  t ha t  i s  up  to  t en  t im es  t h e  s i ze  o f  a  r e s t i ng  ce l l )  
( Noona n ,  Hunz iker  e t  a l .  1998) .  T h i s  t r ans i t i on  e ven t ua l l y  r es u l t s  i n  
l a r ge r ,  r ound ,  hy per t r o ph ic  chon dr ocy t es  t h a t  s ec r e t e  v as t  amoun t s  
o f  E CM ( up  to  60%  m or e  t ha n  a  r e s t i n g  ce l l )  ( No onan ,  H unz i ker  e t  
a l .  1998) ,  i n t r a ce l l u l a r  c a l c ium an d  ve s i c l e s  con t a in i ng  ca l c iu m–
phos pha te s ,  hydr ox yap a t i t e  and  ma t r ix  meta l l o p r o t e ina se s  wh ich  a l l  
cau se  mi ner a l i za t i on  o f  t h e  ca r t i l ag e  E CM in  t h i s  h yper t r o ph i c  zon e  
( Ni l s son ,  Mar in o  e t  a l .  200 5) .  Min er a l i za t i o n  ca us es  b l ood  v es se l s  
t o  en t e r  f r om th e  bon e  ad j ac en t  t o  t h e  g r owth  p l a t e .  T he  v es s e l s  
b r ing  in  o s t eo b la s t s  and  o s t eoc l a s t s :  t h e  os t eoc l a s t s  deg r ade  th e  
s t r uc tu r e s  t ha t  p r ev i ous ly  ke p t  t he  hy p er t r oph i c  cho ndr oc y te s  
a r r ang ed  in  co lumn s  wh i l e  t he  o s t eob l a s t s  r emod e l  t he  sc a f f o ld  
c r ea t ed  by  th e  ap op to se d ,  miner a l i ze d  hyper t r o ph ic  chon dr ocy te s  
i n to  ne w meta phy se a l  bon e .  Wi th  t h i s  e f f ec t i ve  d e l e t i on  o f  t he  
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t e r mina l ly  d i f f e r en t i a t ed  h yper t r oph i c  ce l l s  an d  the  c r ea t i on  o f  
bone ,  t he  g r owth  p l a t e  s i ze  i s  ma in t a in ed  whe n  matu r e  p r o l i f e r a t i v e  
ce l l s  s t a r t  t o  be com e hyp er t r oph i c ,  ma t u r e  r es t i ng  c e l l s  be come 
p r o l i f e r a t i ve ,  an d  mor e  MSC s co nde ns e  and  d i f f e r en t i a t e  i n to  ne w 
r es t i ng  ce l l s .  Wi th  t h i s  co n t inu a l  r ep l e n i shm en t  d u r ing  pe r iod s  o f  
g r owth ,  t he  g r owth  p l a t e  ca r t i l ag e  cau s es  l o ng i tu d ina l  g r owth  o f  
endo chon dr a l  bo ne s .  
 
1c .  E CM Pr o t e in s  
 F r om the  r e s t i ng  t o  t he  hy per t r op h ic  z one ,  cho ndr oc y te s  a r e  
embe dded  i n  a  mat r ix  k now n as  t he  E C M,  whic h  i s  i n t eg r a l  t o  bon e  
g r owth  no t  o n ly  by  i t s  she e r  ac cumul a t ion  bu t  a l so  b y  the  v a r i e ty  o f  
molec u le s  t ha t  i t  con t a in s .   
Col lag en s:  T he  p r o l i f e r a t i n g  ce l l s  e xp r es s  p r imar i l y  co l l ag en  
type  I I  ( Co l2 )  w h i l e  t he  p r e hyper t r oph ic  ce l l s  e xpr e s s  Co l 9  and  th e  
hyper t r o ph ic  ce l l s  ex pr e ss  Co l1 0 .  Co l2  and  Co l 9  a r e  un ique  t o  
ca r t i l age  ( W ata nab e ,  Yam ada  e t  a l .  19 98) .  Muta t ing  a ny  o f  t he se  
co l l a gen s  c au se s  we l l - ch ar ac t e r i z ed  hu man  ca r t i l ag e  mat r i x  
d i so r d er s  t ha t  a l l  r e s u l t  i n  dw ar f i sm.  For  examp le ,  mu ta t ion s  i n  
human  Co l l age n  I I  cau se  ske l e t a l  d i s o r der s  suc h  a s  
chondr ody sp l as i a s ,  ep iph ys ea l  d ys p l a s i a  and  Sc hmid- ty pe  
metap hy sea l  cho ndr ody sp l a s i a  ( Spr a ng er ,  Win te r p ach t  e t  a l .  19 94 ;  
Mur a gak i ,  Mar im an  e t  a l .  19 96 ;  W al l i s ,  Rash  e t  a l .  199 6) .  Mut a t ion s  
i n  mous e  mod e l s  hav e  a l so  s hown  t he  i mpor t an ce  o f  c o l l a gen  to  l o ng  
bone  g r o wth  ( S t a cey ,  Ba t eman  e t  a l .  1 988 ;  Gar o f a lo ,  Vu or io  e t  a l .  
1991 ;  Met sa r an t a ,  G ar o f a l o  e t  a l .  199 2 ) .  
 P rot eog ly can s:  C ar t i l a ge  a l so  c on ta in s  va r io us  p r o t eo g lyc an s  
suc h  a s  t he  c e l l - su r f a ce  s ynd eca n  and  g lyp ic an ,  t he  sma l l  b ig l yca n ,  
deco r i n  and  lu mic an ,  and  th e  l a r g e r  ag gr eca n  and  p e r l e can  ( K nud son  
and  Kn uds on  200 1) .  A  p r o t eo g lyc an  ( P G)  i s  com po sed  o f  a  co r e  
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pr o t e in  w i th  g ly co sami nog l yca n  ( GAG)  cha in s  co va l en t ly  a t t a che d  
( Has ca l l ,  Ca l ab r o  e t  a l .  1994) .  T he  d i f f e r en t  PG s  ha ve  va r iou s  t yp es  
o f  GAG s a t t ach ed  ( f o r  ex ample  chon dr o i t i n ,  hep ar an  and  ke r a t a n )  
and  a r e  a l l  s u l f a t ed  ( hen ce  chon dr o i t i n  su l f a t e  o r  CS ,  hep ar an  
su l f a t e  o r  HS  e t c ) .  T he  majo r  c hondr o i t i n  su l f a t e  p r o t eog lyc an  
( CSPG)  in  c a r t i l a ge  i s  aggr ec an .  T he  majo r  he par a n  su l f a t e  
p r o t eog lyc an  ( HSPG)  in  ca r t i l age  i s  p e r l eca n ,  wh ic h  i s  t h e  su b je c t  
o f  my  d i s se r t a t i o n  r es ea r ch  and  wh ic h  I  wi l l  d i s cu ss  i n  d e t a i l  l a t e r .  
T he  r o l e s  o f  t he  PG s  a r e  t o  b ind  c a r t i l age  p r o t e in s  wi t h  t he i r  
su l f a t ed  G AG gr ou ps  and  wi t h  t he i r  c o r e  p r o t e in s ,  t he r eby  c r os s -
l i nk ing  t he  E C M.  T he  su l f a t i o n  o f  t he s e  PGs  i s  c r u c i a l ,  t h en ,  f o r  
ca r t i l age  i n t eg r i t y ,  a s  i s  s hown  i n  t he  many  ske l e t a l  d ys p l a s i as  t h a t  
r e su l t  i n  dwar f i sm i f  d i as t r oph i c  dy sp l as i a  su l f a t e  t r an spor t e r  
( DT DST ) ,  a  key  PG s u l f a t i on  en zym e in  t he  g r owt h  p l a t e ,  i s  mu t a t e d  
( Ros s i  a nd  Sup er t i - Fur g a  2001) .  A l so ,  t he  d i so r der  h e r ed i t a r y  
mul t i p l e  exo s to s es  ( H ME )  occ ur s  f r om  the  mi s - expr e s s ion  o f  t he  
E XT 1 o r  2  gene s  wh i ch  en cod e  g ly co sy l t r an sf e r a se s  t h a t  s yn th es i ze  
hepar an  s u l f a t e  GA Gs ( S imm on s ,  Mu sy  e t  a l .  1999) .  H ME  pa t i e n t s  
p r es en t  wi t h  l imb  d ef o r mi t i e s ,  l e g  l eng th  d i s c r ep anc i e s  and  o t he r  
ske l e t a l  de f e c t s  a l l  r e su l t i ng  f r om th e  l o s s  o f  HS  on  th e  
chondr ocy t e s  and  th us  l o s s  o f  t he se  G AGs as  c o r ec ep t o r s  f o r  g r ow th  
f ac to r s ,  r e s u l t i ng  i n  aber r an t  p r o l i f e r a t i on  o f  g r owth  p l a t e  
chondr ocy t e s  ( f o r  i n s t anc e ,  wher e  HS : FGF b ind in g  i s  l o s t )  o r  o f  
d i f f e r en t i a t i o n  o f  p r o l i f e r a t i n g  to  hyp e r t r oph ic  c hondr ocy t e s  ( f o r  
i n s t anc e ,  wher e  HS : I hh  b i nd in g  i s  l o s t ) .  T he  spec i f i c  co r e  p r o t e in s  
can  a l so  r e gu l a t e  c a r t i l a ge - m ain t a in in g  p r oce ss e s  su ch  a s  co l l ag en  
f i b r i l  f o r mat io n  ( f o r  decor i n )  and  a nch or ing  o f  t he  c hondr ocy t e  t o  
i t s  cy tos ke l e ton  ( f o r  synd ec an)  ( Ba l loc k  and  O ' Ke ef e  200 3) .  
Pe r l ec an  i s  a l so  e s sen t i a l  f o r  c a r t i l a ge  i n t eg r i t y  and  g r o wth  f a c to r  
s ign a l in g ,  a s  wi l l  be  d i sc us se d  l a t e r .  
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Aggr e can  a l s o  p l ay s  a  m ajo r  r o l e  i n  ca r t i l age .  Wi th  i t s  ~230  
kDa  co r e  p r o t e in  an d  up  to  130  GAG c ha in s  ( CS  an d  ke r a t an  su l f a t e  
o r  KS)  aggr e can  can  r e ach  a  t o t a l  m o le cu la r  ma s s  o f  ~22 00  kD a  in  
som e t i s su es  ( H as ca l l ,  Ca l ab r o  e t  a l .  1 994) .  Car t i l ag e  mat r ix  
de f i c i enc y  ( Cmd)  in  mi ce  i s  a  l e t ha l  c h ondr ody sp l a s i a  t h a t  r e su l t s  
when  th e  ag gr ec an  ge ne  i s  mu ta t ed .  T h e  cmd  mut a t ion  i n  t he  
g lobu l a r  doma in  I  o f  aggr e can  i s  l e tha l  when  hom ozy gou s ,  cau s in g  
ea r ly  po s tn a t a l  de a th  f r om r e sp i r a t o r y  f a i l u r e  ( R i t t e nhou se ,  D unn  e t  
a l .  1978 ;  W ata nab e ,  Kimat a  e t  a l .  1994 ) .  T hese  mic e ,  wi th  4 1%  of  
t he  no r m al  aggr ec an  mR NA,  hav e  s hor t  snou t s ,  c l e f t  pa l a t e ,  s ke l e t a l  
dwar f i sm an d  mis - a l i gn ed  s p in es  du e  t o  t he  ab se nc e  o f  aggr e ca n  in  
t he i r  ca r t i l ag e .  T he  ch ondr o cy te s  i n  t h e  cmd  nu l l  g r owth  p l a t es  a r e  
i r r egu la r l y  pa cke d  toge t he r  wi t h  r ough  co l l ag en  f i b r i l s  a r r a nge d  
a r ound  th em.  T h i s  d i so r gan i ze s  t h e  ce l l s  i n  co mpar i son  t o  t he  
o r der ly  c o lumn ar  a r r an gem en t  o f  ch on dr ocy t es  i n  wi ld  t yp e .  I t  i s  no t  
su r p r i s ing ,  t h en ,  t ha t  t he se  mi ce  h ave  r educ ed  g r o wth  o f  t he i r  l ong  
bone s .  
Ano th er  muta t ion  in  t h e  aggr ec an  ge ne  in  ch i ck en s  r e su l t s  i n  
t he  cho ndr od ys p la s i a  k now n  as  n anom e l i a  ( L i ,  Schwar t z  e t  a l .  
1993) .  T he  na nomel i c  ch i ck  sho ws s im i l a r  ca r t i l ag e  and  b one  
de f ec t s  a s  t h e  cmd  mo us e ,  i e .  dy smor p h ic  ca r t i l ag e ,  dwar f i sm a nd  
l e tha l i t y .  T he  mut a t ion  i s  i n  t h e  exo n  c od ing  f o r  t he  CS  a t t ach men t  
r eg ion  in  aggr e can ,  r e su l t i ng  in  a  t r u nc a t ed  p r o t e in  t h a t  c anno t  
acc ep t  C S  cha ins .  W i thou t  t h i s  CS  dom ain ,  aggr eca n  ca nno t  p r om ote  
chondr ocy t e  E C M in t e g r i t y  an d  the  c a r t i l ag e  p r ec u r so r  a nd  thu s  t h e  
sub se que n t  bon e  i s  d i s r up ted .  
Growt h  F act or s:  T he  E C M i s  a  r e s e r v o i r  o f  g r owth  f a c to r s  
t ha t  a r e  e i t h e r  mad e  in  t he  g r o wth  p l a t e  o r  t r ans por t e d  t he r e ,  bound  
by  o the r  E C M pr o t e in s  an d  r e l e as ed  to  a f f ec t  c hondr ocy t e  ac t i v i t y  
( van  de r  E er d en ,  Kar p er i e n  e t  a l .  200 3 ) .  I n su l in - l i k e  g r owt h  f ac t o r  
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( I GF) - 1  exer t s  s ubs t an t i a l  c on t r o l  ov er  l ong  bon e  g r owth .  I GF  
def i c i enc y  ca us es  f e t a l  g r o wth  r e t a r da t ion  and  p os t na t a l  g r owt h  
f a i l u r e  i n  h uman s  ( C ama cho- Hubn er ,  Wood s  e t  a l .  1999)  an d  mice  
( Moh an ,  Ric hman  e t  a l .  200 3) ,  s i n ce  I GF- 1  s t im u la t e s  bo th  
expa ns i on  o f  p r o l i f e r a t i n g  cho ndr oc y te s  and  chon dr ocy te  
hyper t r o phy .  
T he  T GF- ß  f ami ly  o f  bo ne  mor p hog ene t i c  p r o t e in s  ( BM Ps)  a r e  
a l s o  c r uc i a l  i n  bo ne  g r o wth ,  wi th  r o l es  i n  ske l e t a l  apop to s i s ,  
chondr ocy t e  d i f f e r en t i a t i on ,  f o r ma t ion  o f  hyper t r op h ic  c hondr o cy t es  
and  o th e r  a spe c t s  o f  sk e l e to gen e s i s  ( M ac ia s ,  Ga nan  e t  a l .  1997) .  T he  
BMP s an d  the i r  r e ce p to r s  a r e  ex pr e ss e d  loca l ly  i n  t he  g r owth  p l a t e  
and  a r e  n ec es s a r y  f o r  p r oper  c hondr og ene s i s  ( Z ou ,  Wie se r  e t  a l .  
1997 ;  Yi ,  D a lu i sk i  e t  a l .  2000) .  
I hh  and  PT Hr P  a r e  o the r  E C M mol ecu l es  ma de  lo ca l l y  i n  t he  
g r owth  p l a t e .  I hh  i s  f r om the  h edg ehog  f ami ly  o f  mor pho gen s  wi t h  
c i t i t i ca l  r o l es  i n  embr yo n ic  f o r m at ion  and  de ve lo pmen t .  
P r ehyp er t r oph i c  cho ndr o cy te s  e xpr e ss  I hh ,  wher e  i t  r e gu la t e s  t he  
r a t e  o f  cho ndr o cy te  d i f f e r en t i a t i on  f r o m p r o l i f e r a t i ve  t o  
hyper t r o ph ic  zon es  ( Vor tkam p,  L ee  e t  a l .  1996) .  Blo ck ed  
hyper t r o phy  r e su l t s  i f  t h i s  I hh  i s  mu ta t ed .  S t .  Jac que s  e t  a l  ( S t -
Ja cqu es ,  Ha mmer sch mid t  e t  a l .  1999)  s howe d  tha t  I hh - nu l l  m ic e  no t  
on ly  s how ed  th i s  r edu ce d  d i f f e r e n t i a t i on  o f  p r o l i f e r a t i ve  i n to  
hyper t r o ph ic  ce l l s  bu t  w er e  a l s o  dwar f s  wi th  d r as t i c  r ed uc t i on s  i n  
chondr ocy t e  p r o l i f e r a t i o n  and  o s t eob l a s t  f o r mat ion .  I hh  i s  t he r e f o r e  
a  key  g r o wth  f a c to r  f o r  t he  c oup l i ng  o f  chondr o gen es i s  a nd  
os t eoge ne s i s  ( Kar p ,  Sch ipa n i  e t  a l .  20 0 0) .  I hh  i s  an  up s t r e am 
pos i t i ve  r e gu la to r  o f  PT Hr P  and  a c t s  t h r ough  PT Hr P  to  c on t r o l  
chondr ocy t e  d i f f e r en t i a t i on  b u t  i nde pe nden t l y  o f  i t  t o  con t r o l  
p r o l i f e r a t i on .  PT Hr P  neg a t iv e ly  r e gu la t es  c hondr ocy t e  
d i f f e r en t i a t i o n :  mic e  wi th  n o  PT Hr P  ha d  abnor m al ly  r ap id  
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d i f f e r en t i a t i o n  o f  t he  p r o l i f e r a t i ng  c ho ndr ocy t e s  i n to  hy per t r op h ic  
chondr ocy t e s ,  wh ich  cau se d  dwar f i sm due  to  t h e  cho ndr oc y te s ’  
r educ ed  p r o l i f e r a t i ve  t im e  ( Kar a p l i s ,  L uz  e t  a l .  19 94) .  
T he  f i b r ob la s t  g r o wth  f a c to r s  ( FGF s)  a r e  ano th er  su bs e t  o f  
p r o t e in s  i n  t h e  E C M of  ca r t i l ag e .  T h i s  23 - memb er  f ami ly  u s es  a t  
l ea s t  f ou r  r ec ep to r s  ( FGF R- 1  to  4 )  an d  sp l i c e  va r i an t s  o f  ea ch  to  
r egu la t e  bon e  de ve lo pmen t  ( Or n i t z  and  Mar i e  2 002) .  FGF- 2 ,  9 ,  and  
18  and  FGF R- 1 ,  2  an d  3  a r e  a l l  exp r es s ed  in  t he  g r owth  p l a t e  o r  i t s  
su r r oun d ing  p e r i c hondr i um.  FGF- 2  de c r eas e s  cho ndr oc y te  
p r o l i f e r a t i on ,  hyp er t r oph y  and  m at r ix  s yn the s i s  ( M anc i l l a ,  De  L u ca  
e t  a l .  1998) .  FGF- 2  n u l l  m ic e ,  how ever ,  have  no  sev er e  l on g  bon e  
g r owth  ph eno t ype ,  show ing  on l y  mi ld  adu l t  on s e t  o s t eop en i a  and  
som e r edu ced  bo ne  d en s i ty  ( M onte r o ,  Okad a  e t  a l .  20 00) .  
I n t e r e s t i n g ly ,  mic e  wi th  a  t a r ge t ed  ov e r - expr e ss ion  o f  FGF- 2  o n  
g r owth  p l a t e  c hondr ocy t e s  a r e  dw ar f s  ( Cof f in ,  F lo r k i ewi cz  e t  a l .  
1995) .  FGF- 2  i s  mad e  by  g r owt h  p l a t e  chondr ocy t e s  ( L uan ,  P r au l  e t  
a l .  1996)  an d  s ig na l s  p r im ar i l y  t h r o ug h  FGFR- 1  in  c a r t i l age .  ( W e 
have  s tud i ed  p e r l e can - m ed i a t ed  F GF- 2  s ign a l in g  th r oug h  FGFR- 1  
and  - 3  i n  ou r  r e se a r ch .  Our  f i n d ing s  a r e  r epor t e d  i n  Pap er  I I  o f  t h i s  
d i s se r t a t i on ) .  FGF- 9  i s  a l so  m ade  b y  g r owth  p l a t e  ch ondr o cy t es  
wher e  i t  s t im u la t es  g r o wth  p l a t e  chon d r ocy te  p r o l i f e r a t i on  a nd  
inh ib i t s  t e r mi na l  d i f f e r en t i a t i on  ( i e .  d i f f e r en t i a t i on  o f  p r o l i f e r a t i ve  
i n to  hyp er t r oph i c  c e l l s ) .  Mic e  over - ex pr es s in g  FGF- 9  a r e  a l so  
dwar v es ,  ex h ib i t i ng  in c r ea s ed  cho ndr o cy te  p r o l i f e r a t i on  bu t  none  o f  
t he  d i f f e r en t i a t i on  n ec es sa r y  t o  f o r m t he  mat r ix  sc a f f o ld  f o r  ne w 
bone  ( G ar o f a lo ,  K l ige r - Sp a tz  e t  a l .  19 99) .  FGF- 18  i s  e xpr e s sed  i n  
pe r i ch ondr iu m and  i s  kno wn  to  s ign a l  t h r ough  FGF R- 3  to  s t imu l a t e  
chondr ocy t e  p r o l i f e r a t i o n  ( Dav ids on ,  Blan c  e t  a l .  20 05) .  FGF- 18  
nu l l  m ic e  hav e  r edu ced  p r o l i f e r a t i on  o f  t he i r  g r owth  p l a t e  
chondr ocy t e s ,  wh ich  r esu l t s  i n  sh o r t  b one s .  T hey  a l so  e xh ib i t  
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r i bcag e  de f o r m i t i e s ,  de l aye d  os s i f i ca t i on  o f  endo chon dr a l  bo ne s  an d  
r educ ed  t r an s i t i on  o f  p r o l i f e r a t i ve  ch o ndr ocy t e s  t o  a  hyp er t r oph ic  
pheno type  ( L iu ,  Xu  e t  a l .  200 2 ;  Ohb ay ash i ,  Sh ibay ama e t  a l .  200 2 ;  
L iu ,  L av ine  e t  a l .  2006) .   
VE GF i s  a no th er  impor t an t  g r ow th  f ac t o r  i n  t he  g r owt h  p l a t e  
E CM.  I n  cho ndr oc y te  h yper t r o phy ,  t he  E CM ar o und  hy per t r op h ic  
ce l l s  i s  i nc r e as ing l y  ca l c i f i e d ,  a l l ow in g  b lood  v es se l s  t o  i n vad e  the  
g r owth  p l a t e  f r om th e  und er ly in g  met a phys ea l  b one .  VE GF i s  
expr e s sed  in  t he se  hy per t r o ph ic  chon dr ocy t es ,  wh er e  i t  p r om ote s  
new bo ne  f o r mat ion  by  p r o mot in g  b loo d  ves s e l  i nva s i on  and  t hu s  
coup l es  v a scu l oge ne s i s  t o  os t eog en es i s  t o  r egu la t e  l ong  b one  g r owth  
( Ger ber ,  Vu  e t  a l .  1999) .  
In t eg r in s:  T he  in t e g r in  f ami ly  o f  ce l l  su r f a ce  r e cep t o r s  i s  
r e sp ons ib l e  f o r  m a in t a in in g  commu nic a t ion  b e tw een  th e  E C M and  
the  cho ndr o cy te  ( Ruo s l a h t i  199 1) .  T he  p r oper  co mmuni ca t i on  
be tw een  th e  E C M and  th e  ch ondr o cy t e  l ead s  t o  p r op er  ce l l  
a t t a chme n t ,  d i f f e r e n t i a t i on ,  g r owt h  an d  su r v iv a l  ( L oe se r  20 00) .  
Chon dr ocy te s  expr es s  v a r iou s  membr a ne  in t e g r in s  t ha t  b i nd  to  E C M 
molec u le s  s uch  a s  f i b r o ne c t in  ( wh i ch  a f f ec t s  ce l l  adh es i on ) ,  
co l l a gen s  ( wh i ch  a f f ec t  c e l l  an d  mat r ix  s t r uc t u r e ) ,  l amin ins  ( w h ic h  
con t r o l  ce l l  sha pe  an d  mot i l i t y )  and  v i t r onec t in  ( wh i ch  co n t r o l s  ce l l  
m ig r a t i o n  and  s ign a l  t r an sd uc t i on ) .  I t  i s  c l e a r ,  t hen ,  ho w 
ind i s pen s ab le  i n t eg r i ns  a r e  a s  l i nk s  be t ween  t he  ch ondr o cy t e  and  i t s  
E CM.  
Wi th  mi sex pr e ss ed  in t eg r in ,  mam mmal s  exp er i e nce  m ul t i p l e  
l eve l s  o f  g r o wth  dy sp l as i a .  Fo r  exa mpl e ,  l o s s  o f  ß1  in t eg r in  ( wh i ch  
i s  no r m al ly  e xpr e ss ed  in  a l l  g r owt h  p l a t e  chon dr oc y te s )  ca us es  
dwar f i sm in  mic e  r e su l t i ng  f r om ab se n ce  o f  t he  n o r mal l y  o r der ly  
co lumn ar  a r r an gem en t  o f  ch ondr o cy t es  due  to  r edu ced  m ot i l i t y  o f  
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chondr ocy t e s ,  pe r tu r b ed  cho ndr o cy te  mor pho lo gy  an d  r edu ced  
chondr ocy t e  p r o l i f e r a t i o n  ( Be ng t ss on ,  Asz od i  e t  a l .  2005) .  
Mat r ix  m et a l lop rot e in as es  ( MMP s) :  T he  M MPs a r e  t he  
enzy me s  tha t  d eg r a de  an d  r emod e l  t h e  ca r t i l age  E C M.  I n  do in g  so ,  
t hey  p r ov ide  t u r nover  o f  E C M mol ecu l es ,  t he r eby  m ain t a in in g  the  
i n t eg r i t y  o f  t he  c a r t i l a ge  E C M an d  o f  t he  cho ndr oc y te s .  M MP s 
enab le  ne o - va sc u la r i za t i on  o f  t he  g r o w th  p l a t e  ( Vu ,  Sh ip l ey  e t  a l .  
1998) .  T h i s  a ng io gen es i s  i s  c lo s e ly  co up led  to  b one  f o r m at io n  in  t he  
hyper t r o ph ic  zon e  as  d e sc r ib ed  ab ove .  A  mur ine  kn ock ou t  mod e l  f o r  
MMP- 9  sh ow s abn or mal  bo ne  f o r ma t io n  as  a  r e su l t  o f  r edu ced  
g r owth  p l a t e  v as cu l a r i z a t i on  ( Ra th ,  Hu f f  e t  a l .  1997 ;  Vu ,  Sh i p l ey  e t  
a l .  1998) .  M MP- 13  i s  a l so  kn own to  b e  nece s sa r y  f o r  ma t r ix  
miner a l i za t i on  in  t h e  hyp er t r oph ic  z on e  by  degr ad in g  co l l age n  2  i n  
t he  p r o l i f e r a t i v e  zo ne  an d  p r omot i ng  t he  expr es s io n  o f  co l l age n  X 
( D 'Ang e lo ,  Ya n  e t  a l .  20 00) .  T he  M MP s,  i n  deg r ad ing  t he  E C M,  a l so  
r e l ea se  l oca l  g r owt h  f ac to r s  ( o r  s ys t em ic  one s  t h a t  hav e  d i f f u sed  i n )  
t ha t  a r e  b ound  b y  E C M mole cu le s  so  t hes e  f ac to r s  can  a f f ec t  
chondr ocy t e  ac t i v i t y  o n ly  wh en  n eed ed  and  on ly  i n  t he i r  s pe c i f i c  
g r owth  p l a t e  z one s .   
 
 
How Lon gi t ud ina l  Bone  G rowt h  O ccu rs .  
T he  g r owth  p l a t e  E CM mo lec u le s  d i scu ss ed  a bove  a l l  
con t r ib u t e  t o  t h e  g r owt h  o f  l ong  b one s  and  o th e r  bon es  t h a t  r e su l t  
f r om a  ca r t i l age  p r ecu r so r .  I t  i s  t h e  co mplex  in t e r p l ay  o f  t he se  
molec u le s  t ha t  l ea ds  t o  a )  chon dr oc y te  p r o l i f e r a t i on  b )  cho ndr o cy te  
hyper t r o phy  a nd  enh an ced  E C M pr od uc t ion  and  c )  chon dr oc y te  
apop t os i s  t h a t  r e su l t s  i n  bon e  g r owt h .  
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2a .  P r o l i f e r a t i on  
 T he  p r o l i f e r a t i on  o f  c hondr ocy t e s  p r od uce s  bon e  g r owt h .  On ly  
t he  cho ndr o cy te s  o f  t h e  p r o l i f e r a t i ng  z one  o f  t he  g r owth  p l a t e  
ac t i v e ly  r e p l i c a t e ,  w i t h  ea ch  c e l l  i n  t h i s  zon e  p r odu c in g  up  to  8  ne w 
c lon es  e ac h  day  du r i ng  r ap i d  g r owt h  p has e s  su ch  a s  pub er ty  ( Far n um 
and  Wi l sm an  199 3) .   L oca l ly  syn t he s i z ed  PT Hr P ,  I hh  and  T GF- ß  a c t  
i n  a  ca r e f u l ly  c oor d in a t e d  f eed ba ck  lo op  to  con t r o l  whe n  
p r o l i f e r a t i ve  ce l l s  be g in  t o  t e r m ina l ly  d i f f e r en t i a t e  i n to  
hyper t r o ph ic  ce l l s .  T he se  p r o t e in s  t hu s  con t r o l  t h e  l eng th  o f  t ime  
f o r  wh ich  e ac h  ce l l  exh ib i t s  p r o l i f e r a t i ve  ca pac i ty  ( B a l lo ck  an d  
O 'Ke ef e  20 03) .  
FGFR- 3 ,  wh i ch  b in ds  a t  l e as t  9  d i f f e r e n t  FGFs ,  i s  a  neg a t iv e  
r egu la to r  o f  cho ndr oc y te  p r o l i f e r a t i on  ( Deng ,  Wy ns haw- Bor i s  e t  a l .  
1996) .  Whe n  d i s r up t ed  in  mic e  t he  r e s u l t  i s  a bnor m al ly  p r o l onge d  
p r o l i f e r a t i on  a nd  thu s  ov er g r owt h  o f  l o ng  bone s  ( C o lv in ,  B ohn e  e t  
a l .  1996) .   Con ver se ly ,  a c t i v a t ing  m uta t ions  o f  t he  FGF R- 3  ge ne  
cau se  a cho ndr op l a s i a .  I n  t h i s  mo s t  com mon  o f  huma n  dwar f i sm s  
( 1 :15 , 000  to  1 :40 , 000  b i r t h s ) ,  FGFR- 3  inh ib i t s  ch ondr o cy t e  
p r o l i f e r a t i on ,  wh i ch ,  i n  t u r n ,  l e ad s  t o  s ever e  b one  shor t en in g  
( Sh iang ,  T homp so n  e t  a l .  199 4) .  Wi th  t he  I hh /PT Hr P /T GF- ß  loop  
unden iab l y  c r uc i a l  i n  c hondr ocy t e  p r o l i f e r a t i o n ,  i t  i s  an t i c ip a t ed  
then  th a t  FGF Rs a nd  thu s  FGF s  c an  mo du la t e  t h i s  pa th way .  T her e  i s  
ev id enc e  f o r  t h i s  i n  t he  r ep r es s i on  o f  I hh  wi th  FGF R- 3  ov er -
expr e s s ion  ( N as k i ,  Co l v in  e t  a l .  1998) .  T he  FGFR- 3- r e l a t ed  hum an  
chondr ody sp l as i a s  a r e  sev er e  a chon dr o p la s i a ,  m i ld e r  
hypoc hondr op la s i a ,  se ver e  ( o f t en  l e t ha l )  t hana t ophor i c  dy sp l as i a  
and  SAD DAN ( se ver e  a cho ndr op l a s i a  wi th  de ve lo pmen ta l  d e l ay  and  
aca n tho s i s  n ig r i can s)  ( Sh ia ng ,  T homp s on  e t  a l .  199 4 ;  T avor mi na ,  
Rimoin  e t  a l .  199 5 ;  Na sk i ,  C o lv in  e t  a l .  1998) .  T hese  f o r m s  o f  
dwar f i sm a l l  r e su l t  f r om the  a c t i o n  o f  FGFR- 3  a s  a  n ega t ive  
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r egu la to r  o f  g r owth  p l a t e  cho ndr oc y te  p r o l i f e r a t i on .  T he  p e r l ec an  
d i s r up t ion  in  mi ce  a nd  hum an s  a l so  c a use s  mar ked l y  r edu ced  
p r o l i f e r a t i on  o f  g r o wth  p l a t e  ch ondr o c y te s ,  mos t  l i ke ly  b y  a f f ec t ing  
the  av a i l a b i l i t y  o f  F GFs  to  F GFR- 3 .  F GFR- 1  a l so  h a s  r o l e s  i n  bon e  
g r owth  a s  s ee n  in  t he  d ysp la s i a  t h a t  r e su l t s  i f  t h i s  r ec ep to r  i s  mi s -
expr e s sed  ( Mue nke  a nd  Sch e l l  19 95 ;  W hi t e ,  Ca br a l  e t  a l .  2005) .  
Human  g r owth  h o r mone  and  I GF- 1  a r e  a l s o  know n to  i nc r ea se  
g r owth  p l a t e  c hondr ocy t e  p r o l i f e r a t i o n  ( Oh l s son ,  I s gaa r d  e t  a l .  
1993) .  I GF- 1  may  a l s o  enh anc e  the  s t i mu la to r y  ac t i v i t y  o f  T GF- ß  on  
g r owth  p l a t e  c hondr ocy t e  p r o l i f e r a t i o n  ( O 'Ke ef e ,  Cr a bb  e t  a l .  19 94) .  
Modu la t i on  o f  t he  c e l l  c yc l e  i s  t h e  hyp o the s i z ed  me cha n i sm f o r  t he  
compl ex  in t eg r a t i on  o f  t he s e  mole cu l es  t ha t  a f f e c t s  p r o l i f e r a t i on  in  
t he  g r owt h  p l a t e .  Pho sphor y l a t i on  o f  h i s ton e s  and  o f  p r o t e in s  s uch  
as  R b  ( r e t i no b la s to ma  p r o t e in )  i s  con t r o l l ed  by  cyc l in  de pend en t  
k ina se s  ( C DK s) .  Wi th  a c t i va t ion  o f  CD Ks,  t he  ce l l  c yc l e  p r o t e in s  
suc h  a s  h i s t one s  a nd  t r an sc r i p t i on  f ac t o r s  a r e  mo d i f i e d  ( su ch  a s  by  
ace t y l a t i on )  an d  g r owth  p l a t e  ce l l s  m a i n t a in  p r o l i f e r a t i on .  
Di f f e r en t i a t i on  o f  r e s t i ng  c hondr ocy t e s  t o  p r o l i f e r a t i ng  
chondr ocy t e s  r ep l e n i she s  t he  p r o l i f e r a t i ve  zon e .  
 
2b .  Hyper t r o phy / I n c r e as ed  Mat r ix  P r o duc t i on  
 Mat u r e  p r o l i f e r a t i n g  ce l l s  d i f f e r en t i a t e  t o  a  hyper t r o ph ic  s t a t e .  
T he  chon dr ocy te s  i n  t he  g r owth  p l a t e  a r e  p r ogr amm ed  ( an d  a l so  
i n f luen ced  b y  loc a l  g r owt h  f ac t o r s  a nd  E CM mol ecu l es )  t o  
d i f f e r en t i a t e  i n to  ma tu r e  hy per t r op h ic  chondr ocy t e s .  T h i s  
d i f f e r en t i a t i o n  i s ,  t h e r e f o r e ,  spon tan eo us  i f  no  i nh ib i to r s  a r e  
expr e s sed  ( V o lk  an d  L eboy  1 999) .  B M Ps,  f o r  exam ple ,  i nd uce  
matu r a t i on  o f  t h e  p r o l i f e r a t i ng  chon dr ocy t e  t o  a  hyp er t r oph ic  s t a t e .  
T h i s  mat u r a t i o n  b r ing s  wi t h  i t  a  s wi t ch  no t  on ly  t o  t h e  l a r g e r ,  
r ounder  sha pe  o f  t h e  hyper t r oph i c  ce l l ,  bu t  a l s o  t o  t he  syn t he s i s  o f  
 15 
mar ker s  o f  t he  hy per t r o ph ic  ce l l  t y pe ,  suc h  a s  co l l age n  X 
( Kr onen ber g  20 03) .  T he  inc r ea se  i n  ce l l  s i z e  i s  no t  s im ply  by  a  
d i f f us i on  o f  wa t e r  i n to  t h e  ce l l  bu t  i t  i s  a l so  v i a  an  a c t iv e  i nc r e a se  
i n  t he  num ber s  and  s i z es  o f  o r gan e l l e s  and  va cuo l e s  wi th i n  t he  
d i f f e r en t i a t i n g  ce l l  ( Ba l loc k  and  O 'Ke e f e  2003) .  T he  ch ondr o cy t es  
under g o  up  to  a  10 - f o ld  i nc r ea se  i n  i n t r ace l l u l a r  vo lume and  up  to  a  
2 . 7 - f o ld  i nc r ea se  i n  E C M vo lume ( H un z iker ,  Sch enk  e t  a l .  1987)  
acc ompa n ied  b y  up  to  a  5 - f o l d  i nc r ea se  i n  ce l l  me t abo l i c  a c t i v i t y  a s  
mea su r e d  by  inc r ea se d  p r o t e i n  p r odu c t ion  ( Hun z iker ,  K apf ing er  e t  
a l .  1999) .  Wi th  t he se  r eg u la t ed  i n c r ea s es ,  ch ondr o cy te  h yper t r ophy  
and  i t s  con comi t an t  e nha nce d  mat r ix  s yn the s i s  ac cou n t  f o r  up  to  
60%  of  l ong  bon e  g r owt h  in  en doch ond r a l  bone s  t h a t  g r ow r a p id ly ,  
suc h  a s  t he  hum er u s  and  f emur  ( Far nu m and  Wi l sm an  198 9) .   
Hyper t r o phy  no t  on ly  c on t r ib u t e s  t o  g r owth  p l a t e - m ed ia t ed  
long i tu d ina l  g r owth  m or pho l og ic a l ly  b u t  a l s o  met abo l i ca l l y .  By  
syn t he s i z i ng  inc r ea se d  co l l age n  X an d  a lka l ine  ph os pha t a se  ( AP) ,  
t he  E C M of  hyper t r oph i c  ce l l s  i s  p r ep a r ed  f o r  ca l c i f i c a t i on  
( Ander son ,  H su  e t  a l .  1997) .  AP  i s  p r e sen t  i n  cho ndr oc y te  v es i c l es  
se c r e t e d  by  th e  hyper t r oph i c  ce l l s  i n to  t he  mat r ix .  T he se  m at r ix  
ves i c l es  c on ta in  c a l c iu m and  AP  and  in i t i a t e  mi ner a l i z a t i on .  C o lX 
can  b in d  to  t he s e  ve s i c l e s  and  se cu r e  t hem in  t h e  E CM,  thu s  
supp or t i ng  d epo s i t i on  o f  t he  ca l c ium- l aden  v e s i c l es  and  th e i r  ca r g o  
in to  t he  E C M ( An der son ,  H su  e t  a l .  19 97) .  T he  mat r ix  v es i c l e s  a l so  
con t a in  M MP s,  wh ic h  degr ade  t he  ex i s t i ng  E C M and  r em ode l  i t  i n to  
a  l a t t i ce  t h a t  ha s  i nc r ea se d  hydr ox yap a t i t e  c r y s t a l s  a nd  o th e r  
mate r i a l s  c r uc i a l  f o r  mak i ng  bon e .  T he  ca l c i f i ed  c a r t i l a ge  c an  th en  
se r v e  a s  a  t emp la t e  f o r  bone  f o r m at io n .  
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2c .  Apop to s i s  
 Wi th  t h e  ongo i ng  p r o l i f e r a t i on  and  d i f f e r en t i a t i on  o f  g r o wth  
p l a t e  ce l l s ,  a  f i na l  pha se  o f  r e gu la t i on  occur s  wi t h  t he  r em ova l  o f  
t he  mat u r ed  c e l l s  t ha t  h av e  se c r e t ed  t h e  mat r ix  p r ecu r so r  t ha t  
o s t eob l as t s  wi l l  u s e  f o r  bon e  f o r mat io n .  T h i s  r emov a l  i s  by  a  p r e -
p r ogr amm ed  c e l l  de a th  o r  ap op to s i s .  T h i s  i s  t he  f a t e  o f  g r owt h  p l a t e  
chondr ocy t e s  t ha t  h ave  t e r min a l ly  d i f f e r en t i a t e d  i n to  hy per t r op h ic  
chondr ocy t e s  and  h ave  se c r e t ed  t he  m a t r ix  sc a f f o ld  f o r  bo ne  
f o r mat ion  ( H a to r i ,  K l a t t e  e t  a l .  199 5 ;  Shap i r o ,  Ad am s e t  a l .  20 05) .  
Af t e r  ca l c i f i ca t i on  o f  t he  m at r ix  a r o un d  the se  hyp er t r op h ic  c e l l s ,  
apop t os i s  a nd  c l ea r in g  o f  t he se  c e l l s  o ccu r s .  Mat u r e  hy per t r op h ic  
ce l l s  t ha t  a r e  r e ady  to  un der g o  apop to s i s  s how mor h pho l og ic a l  
chan ge s  t ha t  a r e  s imi l a r  t o  o the r  c e l l s  under g o ing  a pop to so s i s  s uch  
as  c e l l  s h r ink i ng ,  DNA f r a gme n ta t i on  and  p l a sm a  membr ane  
d i s r up t ion  ( H a to r i ,  K l a t t e  e t  a l .  1995) .  T he  sam e  p r odu c t io n  o f  
phos pha ta se s  t ha t  p r omot es  mi ner a l i za t i on  o f  t he  E C M a l so  p r o duc e s  
phos pha te  i on s  t h a t  i ndu ce  th e  apo p to t i c  cha nge s  i n  t h e  mo s t  ma tu r e  
o f  t he  hyp er t r oph i c  zo ne  c e l l s .   
FGF- 2  a l so  b ind s  FGF R- 3  to  c au se  a po p tos i s  o f  g r o wth  p l a t e  
chondr ocy t e s  ( Sahn i ,  R az  e t  a l .  2001) .  T h i s  migh t  exp l a in  w hy  the r e  
i s  i nc r ea se d  and  p r emat u r e  ap op to s i s  a nd  r edu ced  bo ne  g r o wth  in  
mice  ov er - ex pr e ss i ng  FGF- 2  ( Cof f in ,  F lo r k i ew icz  e t  a l .  199 5) .  
Pe r l ec an  mig h t  f u r the r  c on t r o l  t h i s  apo p tos i s  by  r e gu l a t i ng  th e  
ava i l ab i l i t y  o f  t h i s  FGF .  
Chon dr ocy te  ap op to s i s  i s  n ec es s a r y  f o r  g r owth - p l a t e  me d ia t ed  
bone  f o r m at ion .  Wi th  t he i r  d ea t h ,  t he  c hondr o cy te s  l e av e  the  
hyper t r o ph ic  zon e  open  f o r  i n va s ion  o f  vas cu la tu r e  f r om th e  
ad j a cen t  me ta phy se a l  bon e .  Wi th  t h e se  new b loo d  ve ss e l s  com e 
enzy me s  and  o s t eoc y te s  t ha t  f u r the r  de g r ade  th e  min er a l i zed  m at r ix  
and  r emo de l  t h e  ca r t i l ag e  ( t he  o s t eoc l a s t s )  and  th a t  a l so  l a y  dow n  
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t he  ne w bon e  ( t he  o s t e ob la s t s ) .  T h i s  l i nk  be tw ee n  os t eog ene s i s  an d  
vas cu lo gen e s i s  i s  co n t r o l l ed  by  v as cu l a r  endo t he l i a l  g r ow th  f ac t o r  
( VE GF)  ( Ger ber ,  Vu  e t  a l .  1999) .  VE G F i s ,  p r ed i c t ab l y ,  expr e s se d  
in  hyper t r o ph i c  chon dr oc y te s  bu t  no t  i n  r es t i ng  o r  p r o l i f e r a t i n g  
chondr ocy t e s .  VE GF r ec ep to r  ( VE GF R )  i s  a l so  on ly  expr e s sed  i n  t he  
hyper t r o ph ic  ce l l s  o f  t h e  g r owth  p l a t e .  FGF- 2  i s  a l so  kn own to  
p r omote  ang io gen es i s  a nd  s ub seq uen t  o s s i f i c a t i on  o f  ca r t i l age .  
Pe r l ec an  c an  no t  o n ly  r eg u la t e  t he  a va i l ab i l i t y  o f  FGF- 2  bu t  a l s o  ha s  
we l l - r e por t e d  ang i ogen ic  p r op er t i e s  c o nf e r r ed  by  i t s  C- t e r min a l  
domain  ( Mon g ia t ,  Sw een ey  e t  a l .  2003 ) .  FGF- 18  i s  a l so  kn own to  
i nc r e as e  expr es s i on  o f  VE GF an d  to  m odu la t e  i t s  ang i oge n ic  e f f ec t s  
( L iu ,  Xu  e t  a l .  2002) .  E xpr e s s ion  o f  F GF- 2 ,  FGF- 18  an d  pe r l e ca n  in  
t he  hyp er t r oph ic  zo ne  mig h t  f u r the r  c o or d ina t e  t he  v as cu l a r i z a t i on  
tha t  i s  an  e s sen t i a l  e ndpo i n t  i n  en doc h ondr a l  bo ne  f o r m at ion .  
 
 
P er le can  
4a .  S t r uc tu r e /Fun c t ion  
 Pe r l ec an  w as  f i r s t  i de n t i f i e d  a s  a  HSP G in  mur ine  b as eme n t  
membr a ne s  i n  198 0  ( Ha ss e l l ,  Ro bey  e t  a l .  1980)  an d  ha s  s i nce  b ee n  
sho wn  to  be  i n  ch i c ken s ,  f l i e s ,  wor m s as  w e l l  a s  o th e r  mamm als  
( Roga l s k i ,  Wi l l i ams  e t  a l .  199 3 ;  Sund a r r a j ,  F i t e  e t  a l .  19 98 ;  Vo i g t ,  
P f l anz  e t  a l .  2002) .  R o ta r y  sha dow ed  i mage s  o f  mur in e  pe r l eca n  
sho w tha t  t h e  co r e  p r o t e i n  o f  pe r l e ca n ,  wi th  i t s  g l obu l a r  doma in s  
spa ce d  by  r od - l i k e  s equ enc es ,  r e sem bl es  a  s t r i ng  o f  p ea r l s ,  hen ce  i t s  
name  ( No ona n ,  Fu l l e  e t  a l .  1991) .  T he  over  120  k b  o f  t he  pe r l ec an  
gene  enco de  a  p r o t e in  co r e  t h a t  c an  ex cee d  460  kD a  in  ma s s  ( f o r  
exam ple ,  i n  hum an  an d  mic e ) .  T he  pe r l eca n  co r e  i s  mod u la r ,  
con s i s t i ng  o f  f i v e  doma in s  t ha t  sho w h omology  t o  va r io us  
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molec u le s .  CS  an d  HS  GA Gs a r e  a t t ach ed  a t  t h e  f i r s t  a nd  l a s t  o f  
t he se  dom ain s  ( dom ain s  I  and  V;  F ig u r e  2* ) .   
F igure  2 :  St r u c tu r e  o f  p e r l ec an ,  s howi ng  i t s  5  do main s  a nd  the  
a t t a che d  GAG s.  *F r om Smi t h  S . M- L .  and  Ha ss e l l  J . R . ,  E xper im en ta l  
E ye  Re se ar ch  8 3  ( 2006)  47 1- 2 .   
 
  
T he  syn the s i s  o f  pe r l eca n  beg ins  as  a l l  p r o t e in s  do  wi t h  t he  
t r ans c r ip t i on  o f  t he  co r e  p r o t e in  m RN A f r om the  ge ne  s equ enc e .  T he  
mRNA i s  t h en  t r an s l a t ed  i n to  a  p r e cu r s o r  p r o t e in  a nd  c e r t a in  
i n t i t i a t i on  s i t e s  ( Se r  i n  F ig u r e  3 )  on  th e  p r ecu r so r  a r e  us ed  to  
i n i t i a t e  CS  a nd /o r  HS  syn t he s i s  ( Yan ag i sh i t a  and  Ha sc a l l  199 2) .  
T h i s  i n i t i a t i o n  i s  v i a  add i t i on  o f  x y lo s e  ( Xy l )  i n  s t ep  2  t o  spe c i f i c  
se r in e  r e s idu es  -  t h a t  i s ,  se r in e  r es idu e s  f o l l ow ed  by  a  g lyc ine  a nd ,  
i n  som e ca se s  a n  ac i d i c  am ino  a c id  ( an  asp ar t i c  a c id  o r  g lu t ami c  
ac id ) .  S t e p  3  i s  t h e  t r an sf e r  o f  two  g a l ac to se  ( G a l )  r e s idu es  t o  t he  
Xy l .  Nex t ,  t h e r e  i s  add i t i on  o f  a  g l ucu r on ic  a c id  r e s idu e  ( Glc A)  to  
compl e t e  t h i s  t e t r a sa cch ar ide  l i nka ge  r eg ion  ( s t ep  4 ) .  A t  s t e p  5 ,  t he  
syn t he s i s  o f  CS  an d  HS  d iv e r ge ;  N- ac e ty lga l ac t os amin e  ( Ga l NAc)  i s  
adde d  by  Ga lNA c t r an sf e r as es  t o  t he  l i nkag e  r eg io n  in  CS  syn th e s i s  
wh i l e  N- ac e ty lg luco s amin e  ( GlcN Ac)  i s  add ed  by  E XT 1 a nd  2  i n  HS  
syn t he s i s ;  a  c lu s t e r  o f  ac i d i c  r e s id ue s  wi th in  ~ 7  r es i due s  o f  t h e  
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se r in e  f avor s  HS  syn t he s i s  on  tha t  se r i ne .  Add i t i on  o f  r ep ea t ed  
a l t e r n a t ing  Glc NAc and  Gl cA r e s idu e s  t hen  se r v e  t o  po lym er i z e  t he  
HS  cha i n  ( s t ep  6 ) .  Mod i f i ca t i on  o f  t h e  g r owing  H S  cha in  ( s t ep  7 )  by  
N- dea ce t y l a t i on ,  N- s u l f a t i on ,  ep im er i z a t ion  a nd  f u r th e r  su l f a t i on  ( 2 -
O,  6 - O and ,  r a r e l y ,  3 - O)  y i e ld s  t h e  f u l l y  mod i f i ed  GAG a nd ,  t hu s ,  
t he  com ple t e  p r o t e og ly can .  E p im er i z a t ion  o f  Glc A to  i du r on ic  a c id  
a l s o  occ ur s  f o r  CS ,  wi th  t he  t e r m CS  i f  G lcA ge t s  i n co r p or a t e d  and  
“der m atan  su l f a t e ”  o r  DS  i f  I doA i s  p r es en t  ( Ha s ca l l ,  C a l a b r o  e t  a l .  
1994) .  
F igure  3 :  Bi os yn th es i s  o f  p e r l e can .  T h e  f i r s t  s t ep  o f  p e r l e can  
syn t he s i s  i s  t h e  t r an s l a t i on  o f  t h e  co r e  p r o t e in  w i th  i t s  s e r ine  G AG 
a t t a chme n t  s i t e  ( Se r )  an d  the  g l yc in e  ( Gly )  t ha t  f o l l ow s  i t .  T he  
se cond  th r ough  s ix t h  s t ep s  ( number ed  2  -  6 )  a r e  i nd i c a t e d  by  a r r ow s .  
S t ep  7  i nvo lve s  mul t i p l e  m od i f i c a t i o ns  such  as  a ce t y l a t i on ,  
ep imer i za t ion  a nd  su l f a t i o n  ( See  t ex t ) .  * - f i r s t  s t ep  wh er e  CS  and  HS  
d i f f e r ;  A  i s  G a lN Ac f o r  CS  and  Gl cNA c f o r  HS  and  i s  add ed  by  th e  
co r r e spon d ing  t r a nsf e r a se s  ( f o r  HS ,  t h e  t r an sf e r a se s  a r e  sp ec i f i ca l l y  
t e r med  E XT 1 a nd  2  ( He ch t ,  Ha l l  e t  a l .  2002) ) .  B  i s  u r on ic  ac id  ( f o r  
CS ,  g lucu r on ic  ac id  add i t i on  p r od uc es  CS ,  ep im er i za t ion  to  i d u r on i c  
ac id  p r o duc es  DS) .  
 
I t  i s  impor t an t  t o  r e i t e r a t e  t ha t  add i t i o n  o f  CS  ver su s  HS  i s  
de t e r mi ned  b y  the  am ino  a c id  sequ en ce  in  t he  p r o t e in  co r e .  Fo r  
i n s t anc e ,  i f  a  se r i ne  i n i t i a t i on  s i t e  i n  p e r l ec an  i s  f o l l ow ed  by  a  
g lyc in e ,  t hen  GAG a t t a chme n t  wi l l  b eg in  a t  t ha t  se r i ne ,  bu t  HS  w i l l  
on ly  be  a t t a che d  i f  t he  s e r in e  i s  f l a nke d  by  a  g r oup  o f  a c id i c  amin o  
ac id s  s uch  as  a sp ar t i c  ac id  ( D o lan ,  H or char  e t  a l .  1997) .  T her e  a r e  
t h r ee  suc h  ac i d - f l ank ed  se r in es  i n  t he  f i r s t  dom ain  o f  pe r l ec an  an d  
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one  in  Do main  V.  T he y  a r e  a l l  Se r in e - Glyc i ne - A sp ar t i c  a c id  ( SG D)  
seq uen ce s  f l an ked  b y  ac i d i c  r e s id ue s  ( i e .  –S - G- D- X- X- X- D/E - D/E -
X)  tha t  f av or  HS  a t t a chm en t  bu t  can  a l so  r ec e iv e  CS .  T her e  i s  a l so  a  
spe c i f i c  CS  an d  an  HS  a t t ac hme n t  s i t e  i n  domai n  V  
( T apana de chop one ,  H as se l l  e t  a l .  19 99 ) .  
 
 
Domai n  I :  T h i s  ~17 2  amin o  ac i d  doma i n  was  i n i t i a l l y  co ns ide r ed  the  
on ly  un iq ue  do main  o f  p e r l e can  ( N oon an ,  Fu l l e  e t  a l .  1991) .  
Howe ver  an  SE A h omolo gy  dom ain  ha s  s inc e  be en  ide n t i f i e d  t ha t  i s  
f ound  in  o th e r  p r o t e in s  and  mig h t  he l p  t o  modu la t e  GA G a t t achm en t  
( Bor k  an d  Pa t th y  1995) .  E xc ep t  f o r  t he  t h r ee  co ns ecu t ive  S GD HS  
a t t a chme n t  s i t e s ,  t he r e  i s  no  r ep ea t ing  s t r uc tu r e  i n  d omain  I ,  wh i ch  
d i s t i ngu i sh es  i t  f r om th e  o th e r  f ou r  pe r l eca n  p r o t e in  dom ain s .  T he  
GAG ch a in s  a t t ac hed  to  d omai n  I  cau s e  t h i s  d omai n  to  p l a y  a  c r uc i a l  
r o l e  i n  b ind ing  c e r t a i n  g r owth  f ac to r s .  
T he  GAG s on  do main  I  ha ve  b een  sho w n  to  b ind  to  
ang io po ie t i n - 3  an d  PDGF ( to  a f f ec t  t i s sue  ang io gen e s i s ) ,  co l l ag en  
I V  ( to  con t r o l  ce l l  m a t r ix  s t r uc t u r e )  an d  FGF- 2  ( I ozzo ,  Coh en  e t  a l .  
1994 ;  Go v indr a j ,  We s t  e t  a l .  2006 ;  Smi th ,  Wes t  e t  a l .  200 6) .  I n  
b ind in g  FGF- 2 ,  a  g r owt h  f ac t o r  wi th  p l e io t r op i c  e f f e c t s  i n  
deve lopm en t  an d  ce l l  su r v iva l ,  p e r l ec a n  he lp s  t o  mod u la t e  t he  
ac t i o ns  o f  t h i s  g r o wth  f a c to r ,  e spe c i a l l y  i t s  e f f e c t s  on  c a r t i l a ge  an d  
endo chon dr a l  bo ne  g r ow th .  FGF- 2  wi l l  be  de sc r ib ed  in  d e t a i l  l a t e r .  
T he  GAG s on  do main  I  o f  pe r l ec an  a l s o  b ind  f i b r on ec t i n  t o  co n t r o l  
ce l l  a t t ac hme n t  and  l amin i n - 1  t o  co n t r o l  ce l l  s t r uc tu r e  ( I oz zo  19 94) .  
T he  p r o l in e / a r g i n ine - r i ch  e nd  l eu c in e - r i ch  r ep ea t  p r o t e in  ( P RE L P)  
can  a l so  b ind  pe r l ec an ’ s  doma in  I  GA Gs to  s t ab i l i z e  t he  ce l l  by  
anch or ing  c e l l s  t o  t he i r  under l y ing  c on nec t i ve  t i s sue  ( B eng t s son ,  
Mor g e l in  e t  a l .  2002) .  T he  GA G s on  d omain  I  o f  pe r l ec an  a l so  b in d  
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t o  VE GF ( a l l o wing  p e r l e can  a  r o l e  i n  c on t r o l l i n g  ang i oge ne s i s  i n  
va r iou s  t i s s ue  t yp e s  i nc lu d ing  t he  c a r t i l age  p r ecu r so r  i n  
endo chon dr a l  bo ne  g r ow th )  and  t o  t h r o mbos pond i n  ( su gge s t in g  a  
r o l e  f o r  pe r l e ca n  in  b loo d  c lo t t i ng  an d  t i s sue  r e mod e l ing )  ( I oz zo  
2005) .  T he  GA Gs o f  p e r l e can  a l s o  b ind  the  amyl o id - ß  p r o t e in s  
i nvo lv ed  in  am ylo id oge ne s i s  and  Al zh e imer ’ s  d i se a se  t o  bo th  
acc e l e r a t e  a nd  mai n t a i n  pa th oge n ic  f i b r i l  f o r mat ion  ( Ca s t i l l o ,  Ngo  
e t  a l .  1997) .  
 
Domai n  I I :  T h i s  ~21 1  amin o  ac i d  doma in  i s  r i ch  i n  cy s t e i ne s ,  un l ik e  
domain  I  wh ich  h as  n one ,  wh ich  p r om o te  ex t en s ive  t e r t i a r y  
s t r uc tu r e .  T he  dom ain  sho ws sub s t an t i a l  homol ogy  to  t h a t  r eg i on  o f  
t he  L DL -  r ece p to r  t ha t  b ind s  l i p i ds ,  w i th  f ou r  ~40  ami no  a c id  
L DL R- l ike  r e pe a t s .  Wi th  i t s  homol ogy  to  L DL R,  Domai n  I I  has  so  
f a r  been  sho wn  to  i n t e r a c t  wi th  VL DL .  A  DGSDE  amin o  ac i d  
seq uen ce  p r es en t  i n  ma mmal i an  p e r l e c an  doma in  I I  i s  kno wn  to  
med ia t e  t h e  b ind i ng  o f  L DL R to  L DL  ( I ozzo  2 005)  an d  migh t  t h us  
he lp  t o  r e gu la t e  l i po met abo l i sm.  Dom a in  I I  may  a l so  be  a  b ind in g  
s i t e  f o r  p r o t e in s  wi t h  l i p id  mo ie t i e s .  O ne  su ch  p r o t e in  i s  I hh ,  wh i ch  
has  a  cho l e s t e r o l  m o ie ty  a t t a che d  to  i t  and  i s  e s s en t i a l  f o r  
endo chon dr a l  bo ne  g r ow th  ( S t - J acq ue s ,  Hammer sc hmid t  e t  a l .  1999) .  
I n  b ind ing  I h h  and  e i t he r  seq ue s t e r i ng  i t  f r om o r  de l iv e r ing  i t  t o  i t s  
r ecep to r ,  domai n  I I  and  pe r l ec an  wo u l d  se r v e  ano ther  v i t a l  r o l e  i n  
chondr ocy t e  ac t i v i t y .  Fo l lowi ng  the  L DL R su bdom ain  th e r e  i s  a  
r eg ion  o f  ~1 00  ami no  ac id s  con t a in i ng  a  sho r t  r e pe a t  homo logou s  t o  
N- CA M of  t he  im muno g lobu l in  ge ne  s u per f ami l y  ( Co s t e l l ,  Sas ak i  e t  
a l .  1996)  
 
Domai n  I I I :  T h i s  l a r g e   ~  1170  am ino  ac id  do main  i s  ma de  up  o f  
t h r ee  subd omai ns  ( I I I a  t o  I I I c ) .  E ach  o f  t he  t h r ee  sub doma ins  o f  
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domain  I I I  co ns i s t s  o f  a  s ing l e  cy s t e in e - r i ch  r ep ea t  f o l l ow ed  by  a  
cys t e in e - f r ee  g lobu l a r  r eg io n  then  t h r e e  mor e  cy s t e ine - r i ch  r ep ea t s .  
T he  cy s t e i ne  r i ch  r epe a t s  a r e  ~3 5%  ho mologou s  t o  r e pe a t s  f o und  in  
domain s  I I I  and  V o f  t h e  l ami n in  A  sh or t  cha i ns .  T he  g l obu l a r  
r eg ion s  o f  t he  sub doma in  a r e  ~ 30%  ho mologou s  t o  d omai n  I V  o f  t he  
l amin in  A  sh or t  cha in s  ( Noon an ,  Fu l l e  e t  a l .  1991 ;  Cou chm an ,  
L jub imov  e t  a l .  1995) .  Wi t h  t he  e x t en s ive  t e r t i a r y  s t r uc tu r e  t ha t  t he  
cys t e in es  p r omot e ,  domai n  I I I  seem s a  good  c and id a t e  f o r  mu l t i p l e  
i n t e r a c t ion s .  I nd eed ,  dom ain  I I I  b ind s  t o  FGF- 7  and  F GF- BP  to  
modu la t e  g r o wth - f a c to r  med ia t ed  ce l l  p r o l i f e r a t i on  a nd  PDGF to  
po t en t i a l l y  con t r o l  ang i oge ne s i s  ( I ozz o ,  Cohen  e t  a l .  1994) .  M ur ine  
domain  I I I  co n ta i ns  a n  RG D s equ enc e  ( abs en t  i n  hu man  p er l e can )  
t ha t  i s  know n  to  med i a t e  t he  b in d ing  o f  i n t eg r in s  t o  pe r l ec an  an d ,  
t hus ,  t o  m ed ia t e  c e l l  ad he s ion  a nd  mot i l i t y  ( Ch akr a var t i ,  Hor char  e t  
a l .  1995) .  
 
Domai n  I V:  T h i s  i s  t he  l a r ge s t  o f  t h e  p e r l ec an  dom ain s .  I n  huma ns ,  
i t  con t a in s  over  20 00  ami no  ac id  r e s id ues  t ha t  am oun t  t o  o ver  220  
kDa  in  mol ec u la r  ma s s .  Doma in  I V  i s  a  se r i e s  o f  r ep ea t s  wi t h  
homolog y  to  t he  im muno g lobu l in  ( I g )  gene  f a mi ly ,  e spe c i a l l y  N-
CA M ( Noon an ,  Fu l l e  e t  a l .  199 1 ;  M ur d och ,  Dod ge  e t  a l .  1992) .  
T her e  i s  a l s o  a  pu t a t i v e  GAG a t t a chm e n t  s i t e  i n  t he  f ou r t ee n th  I g  
r epea t  o f  huma n  doma in  I V  whi ch  i s  a bse n t  i n  mic e ,  p r oba b ly  du e  to  
a l t e r n a t iv e  sp l i c in g .  Huma ns  h ave  a  t o t a l  o f  twe n ty - on e  o f  t he se  I g  
r epea t s  v e r s us  t h e  f ou r t e en  in  o r g an i s ms  s uch  a s  mi ce  an d  
nemat ode s .  T he  tw en ty - o ne  I g  r ep ea t s  i n  human  d omai n  I V  a r e  t h e  
l a r ge s t  num ber  o f  I g  r ep ea t s  i de n t i f i e d  so  f a r  i n  a  ge ne  p r o duc t  
( Mur do ch ,  Dodg e  e t  a l .  1992) .  
Wi th  s uch  a  de f in ed  ye t  compl ex  s t r uc t u r e ,  i t  i s  no  su r p r i se  
t ha t  dom ain  I V  b i nds  m ole cu le s  a s  d iv e r se  as  co l l agen  I V ,  
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f i b r one c t in ,  f i bu l i n - 2  ( t o  r egu la t e  ce l l  sha pe  a nd  mov emen t ) ,  
n idog en  ( to  co nne c t  co l l ag en  an d  the  l amin in : n ido gen  c ompl ex )  and  
PDGF ( I ozz o  1994 ;  I ozz o  2005) .  Pe r l e can  c an  th e r e f o r e ,  v i a  i t s  
domain  I V ,  r e gu la t e  p r oc e ss es  su ch  a s  g r owth  f a c to r  a c t i v i t y ,  
ang io gen es i s ,  c e l l  ad he s ion ,  c e l l  mob i l i t y  and  c e l l  su r v iv a l .   
 
Domai n  V:  T h i s  ~ 705  a mino  a c id  do ma in  i s  t h e  C- t e r m ina l  r e g ion  o f  
pe r l e can .  Ag a in ,  t h e  s t r u c tu r e  i s  on e  o f  t h r ee  g lob u la r  ( cy s t e in e -
f r ee )  su bdom ain s  l i nk ed  by  c ys t e in e - r i ch  s egme n t s .  T he  g lobu l a r  
subd omai ns  ( V a  to  Vc)  sho w mor e  t h an  30%  homolog y  to  l ami n in  A ,  
even  f o l d ing  in to  g lob u la r  l o ops  t he  w ay  l ami n in  do es .  T he  f i r s t  two  
g lobu l a r  doma ins  a r e  e ach  f o l low ed  by  two  cy s t e i ne - r i c h  r epe a t s  
t ha t  s how ho molog y  to  E GF .  T he  f ou r t h  E GF r epea t  i s  t h en  f o l lo wed  
by  the  C- t e r min us  o f  p e r l ec an .  I n  t he  s econ d  and  f ou r t h  E GF 
r epea t s ,  a  Se r ine - G lyc i ne  ( SGx G)  s equ enc e  occ ur s ,  wh ich  i s  a  
pu t a t i ve  GA G a t t ach men t  s i t e .  Pe r l ec a n  thus  can  a cc ep t  tw o  GAG 
cha i ns  on  i t s  C- t e r min a l  en d  doma in  ( Noon an ,  Fu l l e  e t  a l .  1991 ;  
Mur do ch ,  Dod ge  e t  a l .  1992) .  
Domai n  V ha s  be en  s hown  t o  b ind  to  e ndos t a t i n  ( t he  C-
t e r mina l  end  o f  c o l l a gen  X VI I I ) ,  E CM- 1 ,  FGF- 7 ,  f i bu l in - 2 ,  i n t e g r in s  
and  n id ogen  ( I o zzo  2 005) .  I n  t h i s  way ,  pe r l ec an  c an  a f f e c t  p r o ce ss es  
as  d i ve r se  a s  g r ow th  f ac t o r  ac t i v i t y ,  c e l l - ce l l  and  c e l l - ma t r ix  
i n t e r a c t ion ,  c e l l  mo t i l i t y  a nd  ba se men t  membr an e  s t ab i l i t y .  Doma in  
V a l s o  b ind s  α - dy s t r og ly ca n  a t  t he  n eu r omus cu la r  j unc t i on  in  
ske l e t a l  mu sc l e  t o  med i a t e  i t s  i n t e r a c t i on  wi th  a ce t y l ch o l in e  
es t e r a se ,  t h e r eby  r e gu la t i ng  th e  s ynap s e  and  f a c i l i t a t i ng  p r oper  
mus c l e  c on t r a c t ion  ( P eng ,  Al i  e t  a l .  19 98) .  
Domai n  V by  i t se l f  h as  b een  sho wn  to  have  b i o log ica l  ac t i v i t y  
as  “ end or ep e l l i n ” ,  a  mo le cu l e  ( name d  t o  a l l ud e  to  i t s  an t i -
ang io gen i c  p r op er t i e s )  t ha t  b ind s  en do s t a t i n  t o  f un c t ion  in  b a sem en t  
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membr a ne  a s semb ly  ( Mo ng ia t ,  Swee ne y  e t  a l .  2003) .  T he  
loca l i za t i on  o f  e ndor e pe l l i n  i n  t he  BM migh t  a l so  b e t t e r  po s i t i on  th e  
GAG ch a in s  o f  dom ain  V  to  b i nd  g r ow t h  f ac to r s  and  m ain t a in  B M 
f unc t io ns  i n  p e r me ab i l i t y  an d  t r a f f i ck i ng .  Mo st  o f  t he  a ng io s t a t i c  
ac t i v i t y  o f  en dor ep e l l i n  se em s to  r e s id e  i n  t he  C- t e r min a l - mo s t  
g lobu l a r  doma in ,  wh ic h  ca n  be  l i b e r a t e d  f r om the  r e s t  o f  t he  c o r e  by  
p r o t ea s es .  
 
 
4b .  Gene  and  Muta t ion s  
 T he  p r o t e i n  co r e  o f  p e r l e can  i s  en cod e d  by  a  s i ng l e  ~ 120  kb  
gene  w i th  97  e xon s  ( Noo nan ,  Fu l l e  e t  a l .  1991) .  T he  gen e  ( huma n  
ch r omo som e 1 ,  mou se  ch r omo some 4 )  i s  we l l  con se r v ed  a c r o ss  
spe c i e s ,  w i th  h omolo gue s  o f  mam mal i a n  pe r l e can  ( h spg 2  gen e)  
p r es en t  i n  C .  e l eg an s  ( unc- 5 2  gne) ,  D .  me lan oga s t e r  ( t ro l  g ene)  and  
o the r  s pe c i e s .  T he  p r omot e r  o f  t he  p e r l eca n  gen e  con t a in s  T GF- ß  
r esp ons e  e l emen t s  t h a t  mod u la t e  t he  ac t i va t in g  e f f e c t  o f  T GF- ß  on  
pe r l e can  g ene  t r an sc r ip t i on  ( I oz zo ,  P i l l a r i s e t t i  e t  a l .  1997) .  
Pe r l ec an  show s v a r i e ty  a t  man y  l ev e l s .  I n  human s ,  t he  ge ne  
enco de s  an  ~4 66  kD a  co r e  p r o t e i n .  Mic e  can  a l s o  expr es s  t h i s  f o r m 
o f  pe r l e can  r e su l t i ng  f r om a l t e r n a t iv e  sp l i c ing ,  bu t  t he i r  u sua l  
pe r l e can  g ene  p r oduc t  i s  a n  ~369  k Da  co r e  p r o t e in  ( No ona n  and  
Has s e l l  199 3) .  Pe r l ec an  i s  t e r me d  a  he par an  su l f a t e  p r o t eog l yca n  
( HSPG) ,  bu t  i n  f ac t  t he  c o r e  p r o t e in  c a n  a l s o  hav e  CS  GA G s 
a t t a che d .  T he  va r y in g  su l f a t i o n  pa t t e r n s  and  G AG ty pe s  o f  pe r l eca n  
in  d i f f e r en t  t i s su es  p r o v id es  a no th er  l e ve l  o f  t he  i n her e n t  va r i e ty  o f  
pe r l e can .  Fo r  ex ampl e ,  g r owth  p l a t e  pe r l eca n  ha s  bo th  CS  and  HS  
( Gov indr a j ,  We s t  e t  a l .  2002 ;  We st ,  Go v indr a j  e t  a l .  2006)  w her ea s  
E HS  per l e can   ( f r om the  E ng e lb r e th - H olm- Swar m tu mor )  r a r e ly  h a s  
CS ,  bu t  ha s  HS  ( C ouch man ,  K apoor  e t  a l .  1996) .  
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Disr u p t ion s  i n  t h e  pe r l ec an  gen e  in  d i f f e r en t  o r g an i sm s  hav e  
been  s tud i ed  a nd  th e  r es u l t i ng  d i s o r der s  ch ar ac t e r i z ed .  I n  C .  
e l eg an s ,  pe r l e can  m uta t i on s  p r odu ce  d e f ec t ive  mu sc l e  de ve l opme n t  
cau s ing  p a r a l ys i s  a nd  s pa s t i c i t y  t ha t  make s  t he  m ovem en t  o f  t h e  
nemat ode s  un coor d i na t ed  ( he nce  t he  “u nc”  n ame f o r  t h e  gen e)  
( Roga l s k i ,  Wi l l i ams  e t  a l .  199 3) .  I n  Dr osop h i l a ,  p e r l ec an  mut a t io ns  
cau se  d e f ec t ive  eye  b as eme n t  mem br an e  f o r mat io n ,  l ead i ng  to  
abnor m al ly  smal l  o p t i c  l obe s  ( he nce  t h e  name “ t r o l”  f o r  t h e  gen e ,  
f o r  t e r r i b ly  r ed uce d  op t i c  l obe s ,  on e  o f  t he  phen o typ e s  t ha t  r e su l t s  
f r om th i s  p e r l e can  d e f ec t )  ( Vo ig t ,  P f l a nz  e t  a l .  20 02) .  
Mut a t ion s  ha ve  a l so  b een  char ac t e r i z e d  in  t he  mur in e  and  
human  p er l e can  g ene s .  I n  199 9 ,  Ar ika wa- Hi r as awa  e t  a l  a nd  Co s t e l l  
e t  a l  co ncur r e n t ly  bu t  s epar a t e ly  g en er a t ed  mi ce  wi th  a  mut a t ion  i n  
exon  7  o f  t h e  pe r l eca n  gen e  ( Ar ika wa- Hi r a saw a ,  Wat ana be  e t  a l .  
1999 ;  C os t e l l ,  Gu s t a f s son  e t  a l .  199 9) .  T he  r esu l t s  w er e  e f f ec t i ve  
knock ou t s  o f  t he  p e r l e can  g ene  ( h spg 2 )  and  lo s s  o f  pe r l ec an  
expr e s s ion  in  t he se  a n imal s .  Appr ox im ate ly  4 0%  of  t he  h spg2  n u l l  
m ice  d i ed  a t  mi d - ge s t a t i on  ( E 10 . 5 ) .  T h e  r emain ing  nu l l  m ic e  d i ed  
pe r ina t a l l y  and  show ed  sev er e  ske l e t a l  dysp l as i a  i n c lud i ng  
mic r ome l i a ,  b r oa d  and  b owe d  long  b on es ,  na r r o w r ib - c age ,  
c r an io f ac i a l  de f ec t s  an d  dwar f i sm ( F ig ur e  4* ) .  T hes e  r e su l t s  
e s t ab l i sh ed  pe r l ec an  a s  a  po s i t i ve  r eg u la to r  o f  cho ndr o cy te  
p r o l i f e r a t i on  a nd  d i f f e r en t i a t i on  in  t he  g r owth  p l a t e .   
A  mor e  v i a b l e  p e r l e can  mut an t  mo us e  has  a l s o  be en  gen er a t ed  
wher e  exon  3  o f  t h e  mur in e  gen e  ( wh i c h  code s  f o r  t he  GAG 
a t t a chme n t  s i t e s  i n  dom ain  I )  wa s  de l e t ed  ( Ro s s i ,  Mor i t a  e t  a l .  
2003) .  T he se  mic e  s u r v iv e  and  a r e  f e r t i l e  bu t  t h ey  ha ve  de f ec t ive  
eye s  t ha t  a r e  no t  o n ly  ~7 5%  of  t he  we i gh t  o f  no r mal  eye s  du e  to  
i nc r e as ed  ap op to s i s  o f  l en s  ep i the l i a l  c e l l s ,  bu t  a l so  hav e  l en s es  
wh ich  b ec ome am or pho us  a nd  r up tu r e  when  th e  mic e  a r e  a r ound  6  
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month s  o ld .  T h i s  m ou se  mod e l  i s  d i s cu ss ed  in  s l i gh t ly  mor e  d e t a i l  i n  
t he  Foc us  Pa per  i n c lud ed  a s  an  a ppe nd ix  i n  t h i s  d i s se r t a t i o n .  
F igure  4 :  M or pho l ogy  o f  wi l d - typ e  ( a ,  c ,  e )  ve r su s  h spg2  n u l l  ( b ,  d ,  
f )  m ice .  Gr os s  a ppe ar an ce  ( a ,  b )  an d  s ke l e t a l  p r e par a t i on s   ( c - f )  
sho wing  d war f i sm r e su l t i n g  f r om def e c t ive  bon e  g r ow th  in  
endo chon dr a l  bo ne s  su ch  a s  t h e  f o r e  l i mbs  ( c ,  d )  and  h ind  l im bs  ( e ,  
f ) .  *F r om Ar ikawa- Hi r a sa wa  e t  a l ,  Na t .  Gene t .  199 9  ( 23 ) ,  354- 8 .  
 
Human  d ys se gme n ta l  d syp la s i a s  a r e  au tosom al  r e ce ss ive  
ske l e t a l  dy sp l a s i as  t ha t  c over  a  w ide  r ange  o f  sympt om s,  a l l  
i nvo lv i ng  dw ar f i sm.  D ys se gmen ta l  dy s p l a s i a  S i lv e r ma n- Ha ndma ker  
t ype  ( DDS H)  i s  a  se ver e  l e th a l  f o r m o f  t hes e  dy sp la s i as .  Cl in i ca l  
and  r ad i o log i ca l  s imi l a r i t i e s  a mong  th e  sk e l e t a l  dw ar f i sm o f  D DSH 
pa t i e n t s  and  p e r l e can  nu l l  m ic e  p r ompt ed  r es ea r cher s  t o  e xamin e  
pa t i e n t s  wi th  D DSH to  un cov er  any  mu ta t ion s  i n  t h e  pe r l ec an  gen e .  
Dup l i ca t i ons ,  po in t  mu t a t ion s  a nd  exo n  sk ip p ing  h ave  a l l  be en  
sub se que n t ly  i d en t i f i ed  i n  t h e  pe r l e ca n  gene  o f  pa t i en t s  wi th  DDS H 
and  o th e r  dy sp la s i as  ( N ico l e ,  Dav o ine  e t  a l .  2000 ;  Ar ika wa-
Hi r a saw a ,  Wi l c ox  e t  a l .  2001 ;  Ar i kaw a - Hi r as aw a ,  Wi l c ox  e t  a l .  
2001 ;  H as s e l l ,  Yam ada  e t  a l .  2002) .  T h es e  muta t ion s  ca us e  va r io us  
deg r e es  o f  t r u nca t ion  a nd  de cr e as ed  f u nc t ion a l i t y  o f  t he  pe r l ec an  
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gene  p r oduc t .  I n  DDSH,  th i s  t r unc a t io n  i s  s ever e  eno ugh  th a t  t he  
t r unca t ed  p e r l e can  i s  no t  se c r e t e d  by  c e l l s  f r om th e se  p a t i en t s  b u t  i s  
s impl y  degr ade d  in t r a ce l l u l a r ly .  T he s e  DDSH pa t i en t s  a r e  
e f f ec t i ve ly  p e r l e ca n  nu l l  an d ,  l i ke  t h e  mous e  mod e l ,  d i e  s ho r t l y  
a f t e r  b i r t h .  T he  d e f ec t s  i n  endo cho ndr a l  bone  g r o wth  in  t h es e  
pa t i e n t s  h av e  a l so  und er s co r e d  the  po s i t i ve  r o l e  o f  pe r l e ca n  in  
g r owth  p l a t e  c hondr ocy t e  p r o l i f e r a t i o n .  
I n  t he  mi ld e r  chon dr ody sp l as i a  kn own  as  Sc hwar t z  J amp e l  
syndr ome ( S JS ) ,  m i s sen s e  and  sp l i c ing  muta t ion s  r e su l t  i n  t he  
p r oduc t ion  o f  a  t r un ca t ed  p e r l ec an  p r o duc t  t h a t  i s  s t i l l  se c r e t ed  an d  
r emain s  pa r t i a l l y  f unc t i ona l .  Pa t i en t s  s t i l l  su f f e r  t he  dw ar f i s m and  
ske l e t a l  abn or mal i t i e s  o f  t he  D DSH p a t i en t s  bu t  on  a  much  mi lde r  
sc a l e .  
 
F ibrob la st  Gro wt h  F act or  ( F GF ) - 2  
5a  S t r uc tu r e /Fun c t ion  
FGF- 2  ( ba s i c  FGF)  i s  on e  o f  twen ty - th r ee  memb er s  o f  t he  FGF  
f ami ly .  FGF s  r ang e  f r om 17- 34  k Da  an d  have  amino  a c id  r e s id ue s  
t ha t  i n t e r ac t  wi th  FGF  r e ce p to r s  ( FGF Rs) .  FGF- 2  i s  ~18  k Da  a nd  
a l s o  con t a in s  s ever a l  ba s i c  r es idue s  t h a t  f o r m a  hep ar in / HS  b ind i ng  
s i t e  d i s t i nc t  f r om th e  FGF R b ind i ng  s i t e .  FGF- 2  doe s  no t  c on t a in  a  
s ign a l  s equ enc e  bu t  i s  s ec r e t ed  b y  som e unkno wn pa thw ay  ( Or n i t z  
and  I t oh  20 01) .  I t  i s  no r m al ly  e xpr e s se d  a t  l ow l e ve l s  bu t  i s  
up r egu l a t e d  i n  pa t ho lo gy  o r  i n  r eg i ons  o f  h igh  ce l l  ac t i v i t y  suc h  a s  
i n  t i s sue  r ege ner a t ion  an d  bon e  f o r mat ion .  FGF- 2  wa s  o r ig i na l l y  
i den t i f i ed  i n  bo v in e  p i tu i t a r y  ( Go spo d ar owi cz  197 5)  bu t  wa s  f i r s t  
pu r i f i ed  f r om g r o wth  p l a t e  c hondr ocy t es  ( Su l l i van  and  Kl ag sb r un  
1985) ,  wher e  i t  a f f e c t s  va r iou s  c e l l  a c t i v i t i e s  by  b i nd ing  t o  t he  
FGFR s expr es s ed  on  th e  cho ndr oc y te  s u r f ace .  T he  FG FR th en  
d imer i z e s  and  a u top hos phor y l a t es  sev e r a l  i n t r a ce l lu l a r  t y r o s in e  
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r es id ue s .  T hes e  pho sp ho ty r o s in e  r e s idu es  t h en  r ec r u i t  p r o t e in s  t ha t  
ac t i v a t e  k nown  p r o l i f e r a t i v e  ca sc ade s  suc h  a s  t he  MAP k in as e  
pa thw ay  in  c e l l s .  
Des p i t e  b e in g  mad e  by  d iv e r s e  ce l l  t yp es ,  FGF- 2  i s  t a r g e t e d  
sub s t a n t i a l l y  t o  t h e  ex t r ace l lu l a r  ma t r i x  o f  ce l l s  f o r  s to r age  o n  low-
af f in i t y  r e cep to r s  u n t i l  ne ed ed .  Pe r l e ca n  i s  t he  l ow- af f in i t y  r ec ep t o r  
f o r  FGF- 2  and  FGF- 1 8  in  t he  g r owth  p l a t e  ( r e f e r enc e s :  ( Gov i ndr a j ,  
We s t  e t  a l .  20 06 ;  Smi th ,  W e s t  e t  a l .  20 06)  and  Pa per  I I  o f  t h i s  
d i s se r t a t i on ) .  Pe r l ec an  c an  a l so  f a c i l i t a t e  t h e  b ind i ng  o f  FGF- 2  to  
i t s  ch ondr o cy t e  r ec ep to r s  FGF R- 1  ( p r e sen t  i n  p r ehy per t r o ph ic  
chondr ocy t e s )  and  FGF R- 3  ( p r e se n t  i n  p r o l i f e r a t i ng  c hondr o cy t es ) .  
Bo th  t h e  FGF  an d  the  FGF R ha ve  h epa r in /HS  b ind ing  s i t e s ,  t hu s  
supp or t i ng  th e  i de a  o f  a  t e r n a r y  co mpl ex  o f  FGF ,  FGFR and  HSP G 
tha t  f o r m s  to  modu l a t e  FGF  s i gna l ing  ( Or n i t z  a nd  L ed er  1992 ;  
Or n i t z ,  Xu  e t  a l .  1996 ;  Or n i t z  and  Mar i e  2002) .  
 
5b .  Mut a t ion s   
 Wi th  i t s  p l e i o t r op i c  l oc a l i z a t i o n  and  f u nc t ion ,  FGF- 2  a l t e r s  
d ive r se  p a thw ay s  i f  m i s - expr e s sed .  Mi ce  wi th  a  t a r g e t ed  d e l e t i on  o f  
FGF- 2  hav e  be en  gen er a t ed  a nd  s t ud i e d  ( Dono ,  T ex id o  e t  a l .  199 8 ;  
Or t eg a ,  I t tmann  e t  a l .  1998 ;  Mon te r o ,  Okad a  e t  a l .  20 00 ;  Am ann ,  
Fau lh aber  e t  a l .  2006) .  T he se  nu l l  m ic e  a r e  v i ab l e  b u t  su f f e r  f r om 
r educ ed  c a r d i a c  ca p i l l a r y  f o r mat io n  ( t hus  l o wer in g  the i r  a b i l i t y  t o  
r esp ond  to  c a r d i a c  hyp ox ia ) ,  d e f ec t ive  b lood  p r e s su r e  r egu l a t i on  
( wh ich  l ead s  t o  hy po te ns ion ) ,  i ne f f ec t i ve  con t r o l  o f  va sc u la r  t on e  
and  de l ay ed  wou nd  he a l in g .  T hey  a l so  exh ib i t  impa i r ed  de ve l opme n t  
o f  t he i r  ce n t r a l  n e r vou s  s ys t em.  M ost  i mpor t an t ly  f o r  ou r  r e sea r ch  
in t e r e s t  i n  FGF- 2  i s  t h e  ab se nce  o f  m a j o r  de f ec t s  i n  endo chon dr a l  
o s s i f i c a t i on  i n  t he se  FG F- 2  de f i c i en t  mice .  T her e  i s  on l y  a  mi ld  
adu l t - o ns e t  o s t eo pen i a  ( de c r ea s ed  bon e  miner a l  d en s i ty  a nd  bon e  
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f o r mat ion ) .  T h i s  s l i gh t  de f ec t  i n  os t eo gene s i s  oc cur r e d  wi th  no  
de f ec t s  i n  chon dr oge ne s i s .  How ever ,  e a r l i e r  s t ud i es  sho wed  th a t  
when  FGF- 2  i s  ov er - ex pr e ss ed  in  a  t r a nsg en ic  m ou se  mod e l ,  t he  
r esu l t  i s  a  d war f  mou se  d ue  to  d ec r e a s ed  d i f f e r e n t i a t i on  o f  
chondr ocy t e s  f r om the  p r o l i f e r a t i ve  i n t o  t he  hyp er t r oph ic  ph eno t ype  
( Cof f in ,  F lo r k i ewi cz  e t  a l .  1995) .  FGF - 2  i s  t hu s  a  ne ga t i ve  r eg u la t o r  
o f  l ong  bon e  g r owt h .  
Wi th  t h e  s imi l a r i t i e s  o f  t h e  pe r l ec an  n u l l  mou se  t o  t h es e  FGF-
2  t r ans gen i c s ,  FGF- 2  be cam e an  in t e r e s t i ng  f o cu s  f o r  ou r  r e sea r ch  in  
t he  l ab .  W e f ound  p r ev io us l y  t ha t  F GF - 2  b inds  t o  pe r l eca n  f r om the  
f e t a l  bo v ine  r i b  g r owth  p l a t e  ( o u r  mod e l  sy s t em in  t he  l ab )  bu t  i s  
no t  de l i ve r e d  to  t he  FG FR ( Go v indr a j ,  We s t  e t  a l .  20 06)  and  h av e  
a l s o  d i s cov er ed  o ne  o f  t he  r ea son s  f o r  t h i s  no n- de l ive r y .  T he se  
l a t t e r  r e su l t s  a r e  p r e sen ted  in  P aper  I  o f  t h i s  d i s se r t a t i on .  
 
 
F GF - 18  
6a .  S t r uc tu r e /Fun c t ion  
 FGF- 18  i s  appr ox imat e ly  22  k Da  in  i t s  ac t i v e ,  p r oce s sed  f o r m.  
FGF- 18  i s  9 9%  con ser ved  b e tw een  hu m ans  and  mi ce  an d  sh ow s mos t  
homolog y  ( >50% )  to  FGF- 8  and  FGF- 1 7 .  FGF- 18  i s  e xpr e s sed  in  
adu l t  l u ng s ,  k idne y ,  l i ve r  an d  sm al l  i n t es t i ne  i n  a  sp a t i a l  and  
t empor a l  mann er  d i s t i n c t  f r om o th e r  FGFs ,  s ugge s t i ng  th a t  FGF- 18  
has  u n iqu e  r o l e s  i n  c e l l  a c t i v i t y  ( Or n i t z  2005) .  I n  ca r t i l ag e ,  FGF- 18  
i s  ex pr e ss ed  on l y  i n  t he  p e r i ch ondr i a l  l aye r  a r o und  th e  g r owt h  p l a t e  
ca r t i l age .  T h i s  expr es s io n  pa t t e r n  s ugg es t s  t h a t  FGF- 18  i s  a  
po t en t i a l  r eg u la t o r  o f  l ong  bo ne  g r o wt h .  FGF- 18  b ind s  p r e f e r en t i a l l y  
t o  FGFR- 3  b u t  ca n  a l so  b ind  F GFR- 2 .  FGF- 18  a l so  c on ta ins  a  
hepar i n - b ind ing  dom ain  a nd  i s  i n  f ac t  known  to  b ind  to  h epar i n  
( Or n i t z  20 05) .  I n  ca r t i l age  chon dr oge n es i s ,  FGF- 18  s t imu la t es  
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os t eob l as t s  a nd  cho ndr o cy te s  a s  s t r ong ly  as  FGF- 2  doe s  bu t  i n  an  
FGFR- 3- m ed ia t ed ,  he par in /HS  ind epe n den t  ma nner .  FGF- 1 8  i s  a l so  
known to  b ind  to  FGF R- 2  to  c on t r o l  o s t eog ene s i s  and  VE GF to  
con t r o l  v as cu l ogen e s i s ,  bo th  o f  wh i ch  a r e  a l so  e s sen t i a l  s t ep s  i n  
endo chon dr a l  bo ne  g r ow th  ( L iu ,  Xu  e t  a l .  2002 ;  O hbay a sh i ,  
Sh ibay ama e t  a l .  2002 ;  L iu ,  L av ine  e t  a l .  2006) .  I n  matu r e  bon e ,  
FGF- 18  ha s  be en  show n  impor t an t  f o r  ca r t i l age  r e pa i r  ( M oor e ,  
Ben de l e  e t  a l .  200 5) .  
 
6b  Mut a t ion s  
 Sever a l  l i ne s  o f  mic e  wi th  a  t a r g e t ed  d i s r up t ion  in  t h e i r  FGF-
18  gen e  hav e  be en  ind epe nden t ly  ge ner a t ed  by  d i f f e r en t  g r oup s .  L iu  
e t  a l  ( L iu ,  Xu  e t  a l .  20 02 ;  L iu ,  L av in e  e t  a l .  2006)  g ener a t e d  an  
FGF- 18  nu l l  a l l e l e  t h r ou gh  homo logo u s  r eco mbin a t ion ,  e l imin a t ing  
exon  1  o f  t h e  cod i ng  r eg i on .  Mi ce  h e t e r ozygo us  f o r  t h e  nu l l  a l l e l e  
wer e  ph eno t yp ic a l ly  n o r mal .  Ho wev er ,  homozy gou s  p r og eny  f r om 
the se  no r m al  mut an t s ,  d i ed  wi th in  t h i r t y  minu te s  a f t e r  b i r t h .  T he i r  
de f ec t s  i n c lu ded  b e ing  10 - 15%  sm al l e r  t han  wi ld  t ype  o r  
he t e r o zyg o te  l i t t e r mat e s ,  mor e  t ha n  90 %  hav ing  c l e f t  pa l a t e ,  and  
r esp i r a to r y  f a i l u r e  du e  to  t ho r ac i c / r i b c age  d e f o r mi t i e s .  I n  t h e  nu l l  
mu tan t  mo us e ,  o s s i f i ca t i on  wa s  d e l ay e d  by  ~  2  day s  com par e d  to  
no r mal  l i t t e r mat e s ;  t h i s  l ed  t o  sho r t ene d  os s i f i e d  r eg ion s  i n  b one s  
and ,  t he r e f o r e ,  s ho r t en ing  a nd  cu r v a tu r e  o f  bone s  s uch  as  t h os e  o f  
t he  f o r e -  an d  h ind l imb s .  Co- o ccur r in g  wi th  t he s e  de f e c t s  i n  t he  
appe nd ic u l a r  ske l e ton ,  o t he r  en doc hon dr a l  bon es  suc h  a s  t he  
c r an io f ac i a l  bon e s  wer e  a l s o  abn or mal .   T he  sku l l  w as  sma l l e r  an d  
mor e  r ound ed  in  FGF- 1 8  nu l l  m i ce  a nd  the  j aw bone  wa s  
under d eve lop ed .  
At  t he  h i s to l og ic a l  l e ve l ,  t h e  zon es  o f  p r o l i f e r a t i ng  c e l l s  i n  t he  
FGF- 18  nu l l  g r o wth  p l a t e s  w er e  ~14%  longer  a t  E 16 . 5 .  S imi l a r  
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i nc r e as es  wer e  se en  in  t h e  FGFR- 3  nu l l  mous e .  How ever ,  f o r  FGF-
18  nu l l  m ic e ,  t h i s  i nc r ea se  d i sa ppe ar s  l a t e r  i n  em br yog ene s i s .  I n  t he  
FGFR- 3  nu l l  m ic e  ( Co lv in ,  Boh ne  e t  a l .  1996) ,  t hes e  ex pand ed  
p r o l i f e r a t i ve  zone s  r e su l t  i n  over g r owt h  o f  l ong  bon es  b u t  i n  t he  
FGF- 18  nu l l  i t  r e su l t s  i n  dwar f i sm s inc e  t he  i n c r ea se  i s  on l y  
t r ans i en t .  F r om th i s  FGF- 18  nu l l  mo us e ,  l ack  o f  FGF- 1 8  wa s  
d i s cover ed  to  i n h ib i t  c hondr ocy t e  p r o l i f e r a t i on  f o r  t h e  maj o r i t y  o f  
embr yog en es i s ,  l e ad ing  t o  dwar f i sm.  L iu  e t  a l  ( L iu ,  L av in e  e t  a l .  
2006)  l a t e r  d i scov er ed  t ha t  a s  e a r ly  a s  a t  E 14 . 5  o f  embr yo gen e s i s  
( when  c r an i a l  o s s i f i ca t i on  be g in s  i n  wi ld  t ype  mi ce  bu t  n o t  i n  t h e  
nu l l  m ic e  and  l im b  f o r mat i on  i s  a l r e ad y  under w ay  in  bo th )  t he  n u l l  
m ice  a c tu a l ly  h ave  26 - 31%  sh or t e r  p r o l i f e r a t i v e  an d  hyp er t r oph i c  
zone s .  T h i s  i s  i n  c on t r a s t  t o  t h e  i nc r ea sed  p r o l i f e r a t i on  a nd  
d i f f e r en t i a t i o n  o f  cho ndr oc y te s  a t  E 16 . 5  and  in s ign i f i ca n t ly  
d i f f e r en t  p r o l i f e r a t i on  a t  E 18 . 5  ( Ohb ay ash i ,  Sh ibay ama e t  a l .  200 2) .   
A  mul t i ph a s i c  a c t i on  o f  F GF- 18  oc cur s ,  t hen ,  wher e  t he  s ame  
chondr ocy t e s  a t  an  o r g an i sm’ s  d i f f e r e n t  deve l opme n ta l  s t a ge s  
r esp ond  d i f f e r en t l y  t o  FGF- 18 /F GFR- 3  s ign a l ing .  E ar l i e r  on  ( E 14 . 5 )  
t h i s  s i gn a l in g  in  no r mal  embr yo s  i s  mi togen i c  an d  d i f f e r e n t i a t i ve ,  
l ead i ng  to  no r m al ly  h i gh  p r odu c t io n  o f  p r o l i f e r a t i ve  an d  
hyper t r o ph ic  chon dr ocy te s .  L a t e r  on  ( E 16 . 5 ) ,  t he  FGF- 18 /F GFR- 3  
s ign a l  i s  n o r mal l y  an t i - p r o l i f e r a t i v e  an d  an t i - d i f f e r en t i a t i v e ,  
r e ign in g  in  t he  c hondr ocy t e  ac t i v i t y  so  p r oper  hyp er t r oph i c  zo ne  
bone  syn th e s i s  can  o ccur .  A s  embr yog e nes i s  c on t in ue s  ( E 18 . 5 ) ,  t he  
no r mal  c hondr o cy t es  p a r t l y  r e ver t  t o  b e ing  s t imu l a t e d  by  FGF-
18 /FGF R- 3 ,  cau s i ng  a  ne wly  in c r ea s ed  poo l  o f  p r o l i f e r a t i n g  ce l l s  
and  o f  d i f f e r en t i a t ed  h yper t r o ph i c  ce l l s ,  enc our ag ing  co n t inu ed  
endo chon dr a l  g r o wth .   
Un l ik e  t he  s imi l a r  chon dr ocy te  ph eno t ype s  s een  in  t h e  two  
mous e  mod e l s ,  t h e  de l aye d  os s i f i ca t i on  in  FGF- 18  nu l l  m i ce  w as  n o t  
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se en  in  t h e  FGFR- 3  n u l l  m ic e .  I n  con t r as t  t o  chon dr oge ne s i s ,  t hen ,  
FGF- 18  do es  no t  s ig na l  t h r ough  FGF R- 3  to  con t r o l  o s t eog ene s i s .  I t  
i s  t hou gh t  t h a t  FGF- 18  m ost  l i ke ly  p r o mote s  os t eob la s t  ma t u r a t i o n  
and  p r o l i f e r a t i on  th r ou gh  FGF R- 1  expr es se d  in  hyp er t r oph i c  
chondr ocy t e s  o r  FGFR- 2  expr e s sed  i n  t he  pe r i chon dr ium.  Whi l e  
r egu la t i ng  c hondr o gen e s i s  v i a  FGF R- 3 ,  FGF- 18  i s  t h e r e f o r e  a l so  
r egu la t i ng  o s t e oge ne s i s  v i a  FGF R- 1  a n d /o r  FGFR- 2  and  r eg u la t i ng  
vas cu lo gen e s i s  v i a  VE GF a s  d es c r ibe d  ea r l i e r .  
 
 
Hist on e  H3  
7a .  S t r uc tu r e /Fun c t ion  
 Hi s t one s ,  l i ke  F GFs ,  a r e  ano t her  s e t  o f  deve lo pme n ta l l y  
impor t an t  p r o t e i ns .  T he y  a r e  h i gh ly  c a t i on i c  p r o t e in s  e s sen t i a l  f o r  
b ind in g  and  c ompa c t in g  ch r om at in  i n  t he  nuc l eu s  o f  mamm al i an  
ce l l s .  T he  com pa c t  na tu r e  o f  t he  c h r om at in  f i be r s  r e s t r i c t s  t h e  
i n t e r a c t ion  o f  p r o t e i ns  wi th  DN A and  r egu l a t e s  gen e  a c t iv i t y .  T he  
ch r oma t in  co ns i s t s  o f  r ep e t i t i v e  un i t s  c a l l ed  n uc l eo some s ,  wh i ch  
con s i s t  o f  an  oc t am er  o f  h i s t one s  ( two  eac h  o f  H2A,  H2 B,  H3  an d  
H4)  a r oun d  whic h  two  sup er he l i ca l  t u r ns  o f  DN A ar e  wr app ed .  T h i s  
co r e  pa r t i c l e  i s  t h en  f o l lo we d  by  a  DN A r eg ion  th a t  l i n ks  a d j a cen t  
nuc l eos ome p ar t i c l e s  ( Schmi ede ke ,  S to ck l  e t  a l .  19 89) .  H i s ton e  H3  
i s  ~19  k Da  in  s i z e .  L ike  a  t yp i ca l  h i s to ne ,  i t  ha s  many  b a s i c  
r es id ue s .  H3 ,  how ever ,  a l so  h as  an  Ar g in ine  r e pea t  ( RR xR)  sequ en ce  
nea r  i t s  C- t e r minu s  wh i ch  a l i gn s  pe r f e c t ly  wi t h  t he  c on sen su s  
hepar i n  b ind i ng  s equ enc e  YY xY wh er e  Y= Ar g in i ne  o r  L ys i ne .  
Hi s t one s  a r e  i nde ed  kno wn to  b i nd  to  h epar in  and  HS  ( Sc hmie dek e ,  
S tock l  e t  a l .  1989 ;  Wat son ,  G ooder ham  e t  a l .  1999 ;  H enr iq uez ,  
Ca sa r  e t  a l .  2002) .  T h i s  b ind in g  oc cur s  bo th  i n  t he  n uc l eu s  and  
ex t r an uc l ea r ly .  T he  ex t r an uc l ea r  l o ca l i za t i o n  o f  h i s tone s  h as  b een  
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sho wn  wid e ly  ( Sch mied ek e ,  S tock l  e t  a l .  1989 ;  Wa t so n ,  E dwar d s  e t  
a l .  1995 ;  H enr iqu ez ,  C a sa r  e t  a l .  2002) .  
 
7b .  Mut a t ion s  
 T o  da t e ,  no  h i s ton e  kno cko u t  muta n t s  have  b een  
gener a t e d .  Wi th  t h e  i n t eg r a l  r o l e  o f  t h e  h i s t one s  i n  c h r omat in  
s t r uc tu r e  a nd  gen e  a c t iv i t y ,  I  wou ld  s p ecu l a t e  t h a t  co mple t e  l o ss  o f  
even  a  s in g l e  h i s to ne  such  as  H 3  wou l d  be  i nco mpat ib l e  wi th  l i f e .  
H i s t one  H 3  ha s  mul t i p l e  r e s id ue s  t ha t  can  b e  pos t - t r an s l a t i on a l ly  
mod i f i e d  by  ac e ty l ,  me thy l  a nd  pho sp h a te  g r ou ps .  Su ch  coor d ina t ed  
mod i f i c a t i on  o f  h i s t one s  co n t r o l s  ch r o mat in  s t r uc t u r e  an d  the  
acc es s i b i l i t y  o f  t r a ns c r ip t i ona l  p r o t e i n s  t o  t he  DNA,  thu s  r eg u la t i ng  
gene  ac t i v i t y  ( W at s on ,  Good er ha m e t  a l .  1999) .  Fo r  examp le ,  
h i s to ne  a ce t y l a t i on  i s  ca t a ly zed  by  h i s t one  a ce ty l  t r an sf e r a s es  
( HAT s)  t o  r e l ax  ch r omat i n  s t r u c tu r e  an d  p r omote  g ene  t r an sc r ip t i on  
when  t r ans c r ip t i on  f ac to r s  g a in  a cc es s  t o  t he  DN A.  Hi s ton e  
dea ce ty l a se s  ( HD AC s)  mod i f y  t he  h i s t one s  t o  cou n te r b a l a nc e  t he  
ac t i v a t in g  e f f e c t s  o f  H AT s.  Sev er a l  H DAC s ha ve  b een  kn ock ed  ou t  
i n  mous e  mod e l s ,  i nc lud ing  H DA C 4 ,  5  and  9 .  On ly  mi ce  l a ck in g  
HDA C4 ex h ib i t  ske l e t a l  de f e c t s  ( Veg a ,  Mat sud a  e t  a l .  20 04) .  T he  
g r owth  p l a t e  c hondr ocy t e s  o f  t he se  H D AC4 nu l l  m ic e  sh owe d  
p r emat u r e  hyp er t r oph y ,  l ead ing  to  p r e matu r e  o s s i f i c a t i o n  and  
ec to p ic  f o r ma t ion  o f  bo ne  in  no r m al ly  ca r t i l ag ino us  e l em en t s .  T he se  
de f ec t s  a f f ec t ed  th e  muta n t s ’  v i ab i l i t y  by  mak in g  i t  d i f f i c u l t  t o  
b r ea th e ,  move  and  suck le .  I n  f ac t ,  no  HDA C4 nu l l  m i ce  su r v i ved  to  
wean ing .  HD AC4 i s  no r m al ly  e xpr e s se d  in  hyper t r o ph i c  
chondr ocy t e s .  T he  knoc kou t  mo de l  h as  show n  tha t  H DA C4 nor m al ly  
b ind s  t o  Ru nx2  an d  inh ib i t s  i t s  a c t i v i t y .  
Runx 2  i s  t h e  on ly  t r an sc r ip t i on  f a c to r  p r oven  n ec es sa r y  f o r  
chondr ocy t e  hyp er t r oph y  and  o s t eob l as t  d i f f e r en t i a t i o n  ( I nad a ,  
 34 
Yas u i  e t  a l .  1999 ;  Ki m,  Ot to  e t  a l .  199 9) .  Runx2  mu st  b e  r egu l a t e d  
du r ing  ch ondr o cy t e  hyp er t r ophy  so  t h a t  p r ematu r e  and  eve n  ec t op ic  
bone  f o r m at ion  d oe s  no t  o ccur .  HD AC 4 nega t ive l y  r egu l a t e s  R unx2 .  
Wi th  HD AC 4 mis s in g  in  t h i s  mou se  mo de l ,  Run x2  c aus e s  abn or mal  
d i f f e r en t i a t i o n  o f  cho ndr oc y te s  r e su l t i ng  in  sk e l e t a l  dw ar f i s m.  T he  
majo r  h i s ton e  r e l a t ed  t o  t h i s  p a th  o f  e v en t s  i s  h i s to ne  H3 .  H3  
nor mal ly  s i t s  on  th e  R unx2  p r omot e r ,  i nh ib i t i ng  the  R un x2  ge ne  
ac t iv i t y  an d  su bs equ en t  p r od uc t i on  o f  Runx 2  p r o t e i n  i n  p r o l i f e r a t i n g  
ce l l s .  Wi th  H DA C4 mi ss ing  in  t h e  kno ckou t  ( V ega ,  Mat sud a  e t  a l .  
2004) ,  H3  i s  hyper - ac e ty l a t ed ,  l e av es  t he  R unx2  pr omote r  and  th e  
Runx 2  gen e  i s  a c t i v a t e d .  Wi th  H DA C4 in t ac t ,  hypo- a ce t y l a t ed  H3  
in t e r a c t s  wi th  D NA an d  HS  mor e ,  ke ep ing  i t  on  t he  R un x2  p r om ote r ,  
i nh ib i t i ng  R unx2  p r o duc t ion  an d  p r om ot ing  co n t inu ed  c hondr o cy t e  
p r o l i f e r a t i on  a nd  r edu ced  d i f f e r en t i a t i on  to  hyp er t r oph i c  s t a t e s .  
Wi th  t h e  impor t anc e  o f  pe r l e ca n  and  n ow H3  in  r e t a in in g  
chondr ocy t e  p r o l i f e r a t i o n ,  pe r l e can  mi gh t  aga in  be  i n  a  t e r n a r y  
compl ex  o f  neg a t iv e  DN A,  pos i t i ve  h i s tone  H3  and  th e  neg a t iv e  HS ,  
a  compl ex  th a t  i nh i b i t s  Run x2  ge ne  a c t iv i t y  an d  kee ps  chon dr ocy te s  
p r o l i f e r a t i ng  un t i l  ce l l  s i gna l s  t r i gg er  hyper t r o phy .  
 
 
Out l ine  
 T he  r emai nder  o f  t h i s  d i s se r t a t i on  wi l l  p r ese n t  t he  f i n d ing s  o f  
my  r es ea r c h  p r o j e c t  o f  ch ar ac t e r i z ing  t he  b ind i ng  o f  pe r l ec an  to  
known and  nov e l  b in d ing  p a r tne r s  u s in g  the  g r owt h  p l a t e  ca r t i l ag e  
f r om f e t a l  bo v ine  r i b s  a s  ou r  mod e l  s y s t em.  My f i r s t  sp ec i f i c  a im  
was  t o  s tu dy  th e  b ind i ng  o f  FGF- 2  to  g r owth  p l a t e  pe r l ec an  an d  to  
de t e r mi ne  wh a t  po r t i on s  o f  pe r l e ca n  a r e  i nvo lv ed  in  FGF- 2  b ind i ng  
and  wh i ch  po r t i on s  a r e  b l ock i ng  the  d e l ive r y  o f  t h i s  g r ow th  f ac to r  t o  
i t s  r e cep t o r  a s  h ad  be en  p r e v iou s ly  d i s cover ed .  T he se  f i nd i ng s  a r e  
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summ ar i z ed  in  Pap er  I .  T he  sp ec i f i c  a i m  f o r  Paper  I I  wa s  t o  ob se r v e  
whe th er  pe r l ec an  cou ld  b ind  t o  FGF- 18 .  I n  t ha t  paper ,  I  sh ow th a t  
pe r l e can  c an  b i nd  to  FGF- 18  and  I  ch a r ac t e r i ze  t h e  k in e t i c s  an d  
spe c i f i c i t y  o f  t he i r  b ind i ng .  Fo r  Paper  I I I ,  my  spec i f i c  a im  w as  t o  
f i nd  nove l  b ind i ng  pa r t ne r s  o f  pe r l e ca n  tha t  a r e  e ndog eno us  t o  t he  
g r owth  p l a t e .  H i s to ne  H3  i s  p r e se n t ed  in  Paper  I I I  a s  a  t h i r d  k ey  
deve lopm en ta l  p r o t e i n  t o  wh i ch  g r ow th  p l a t e  p e r l ec an  b i nds .  
A  b r i e f  d i scu s s ion  o f  t h e  maj o r  f i nd ing s  o f  my  d i ss e r t a t i on  
r ese a r ch  f o l low s  Pap er s  I - I I I .  I nc luded  a f t e r  t h i s  d i s cu ss ion  i s  an  
Appe nd ix  c on ta in ing  a  r ev i ew pa per  r e gar d ing  t he  r o l e  o f  p e r l e can  
in  r egu l a t i ng  o cu l a r  f unc t i on .  
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Abst r act  
 
F ib r ob la s t  g r o wth  f a c to r  ( FGF) - 2  r eg u l a t e s  cho ndr oc y te  
p r o l i f e r a t i on  in  t h e  g r owt h  p l a t e .   Hep ar an  s u l f a t e  ( HS)  
p r o t eog lyc an s  b ind  FGF- 2 .   Pe r l ec an ,  a  hepar a n  su l f a t e  p r o t eo g lyc an  
( HSPG)  in  t he  d eve lop in g  g r owt h  p l a t e ,  however ,  c on ta i ns  b o th  HS  
and  ch ondr o i t i n  s u l f a t e  ( CS)  ch a in s .   T he  b ind i ng  o f  FGF- 2  to  
pe r l e can  i so l a t e d  f r om the  g r o wth  p l a t e  wa s  ev a lua t ed  u s in g  ca t i on i c  
f i l t r a t i on  ( CAF)  an d  immun opr e c ip i t a t i on  ( I P )  a s say s .   FGF- 2  bou nd  
to  pe r l e can  i n  bo th  t h e  CAF and  I P  a ss ays  p r i mar i l y  v i a  t h e  HS  
cha i ns  on  p e r l e can .   A  ma x imum of  12 3  molec u le s  o f  FGF- 2  w as  
ca l c u l a t ed  t o  b i nd  pe r  mol ec u le  o f  pe r l eca n .  When  d ige s t ed  wi th  
chondr o i t i n as e  AB C to  r em ove  i t s  CS  c ha in s ,  pe r l e ca n  augm en t ed  
b ind in g  o f  FGF- 2  to  t he  F GFR- 1  and  F GFR- 3  r e cep t o r s  and  a l so  
i nc r e as ed  FGF- 2  s t imu la t i on  o f  [ 3 H] - th ymid in e  i nco r por a t i on  in  
BaF3  ce l l s  ex pr e ss i ng  th es e  FGF  r ec ep to r s .   T hes e  da t a  s how th a t  
g r owth  p l a t e  p e r l e can  b i nd s  t o  FGF- 2  by  i t s  HS  cha i ns  b u t  ca n  on ly  
de l iv e r  FGF- 2  to  FGF  r e cep to r s  when  i t s  CS  c ha in s  a r e  r emov ed .  
 
Keyw or ds :  g r owth  p l a t e ,  pe r l e can ,  FG F ,  FGFR,  chon dr ocy t e ,  
chondr o i t i n  su l f a t e ,  hep ar an  su l f a t e .
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                                        In t roduct ion  
 
Per l ec an  w as  o r i g ina l ly  i d en t i f i ed  a s  a  hepar a n  su l f a t e  
p r o t eog lyc an  ( HSPG)  in  t umor  l i n es  a n d  was  sho wn  to  b e  p r e sen t  i n  
a l l  ba sem en t  m embr a ne s  ( Ha s se l l ,  R ob ey  e t  a l .  19 80 ;  I oz zo  an d  
Wigh t  19 82) .  I t  i s  no w know n no t  on l y  t o  be  p r e sen t  i n  t he  
ex t r a ce l l u l a r  ma t r ix  o f  ca r t i l ag e  and  i n  t he  g r owth  p l a t e ,  bu t  a l so  t o  
be  one  o f  t h e  p r in c ipa l  med i a to r s  o f  l o ng  bone  g r owth  ( Sun dar Ra j ,  
F i t e  e t  a l .  19 95 ;  H and l e r ,  Yur ch enc o  e t  a l .  1997 ;  F r en ch ,  Smi th  e t  
a l .  1999) .   Pe r l e can  n u l l  m ic e  hav e  r ed uced  chon dr ocy t e  
p r o l i f e r a t i on  a nd  mat r i x  depo s i t i on  in  t he  dev e lo p ing  g r o wth  p l a t e ,  
wh ich  r esu l t s  i n  f e t a l  d war f i sm ( Ar ik a wa- Hi r as awa ,  W ata nab e  e t  a l .  
1999 ;  C os t e l l ,  Gu s t a f s son  e t  a l .  199 9) .   Muta t i ons  i n  t he  hu man  
per l e can  g ene  cau se  t wo  ch ondr od ys t r o ph ie s :   dy ss egm en ta l  
dysp l a s i a ,  S i lv e r ma n  Han dmak er  t yp e  ( DDSH)  an d  Sch war t z - Ja mpel  
syndr ome ( S JS )  ( Nico l e ,  Dav o ine  e t  a l .  2000 ;  Ar ik awa- Hi r a sa wa ,  
Wi l co x  e t  a l .  20 01 ;  Ar ik aw a- Hi r a sa wa ,  L e  e t  a l .  2002) .   DDSH 
r ese mble s  ma ny  f ea tu r e s  o f  t he  p e r l e ca n  nu l l  mou se  a nd  r e su l t s  f r om 
an  ab se nce  o f  f un c t io na l  p e r l e can .   S J S  i s  l e ss  se ver e  t h an  D DSH 
bec au se  e i t he r  a  t r un ca t ed  f o r m o f  pe r l eca n  i s  ma de  o r  r ed uce d  
l eve l s  o f  f u l l - l eng t h  pe r l e ca n  a r e  ma de .   T hese  ob se r v a t io ns  i n d i c a t e  
t ha t  pe r l ec an  p l ay s  an  e s sen t i a l  r o l e  i n  endoc hondr a l  o ss i f i ca t i on .  
T he  r o l e  o f  pe r l ec an  in  ba s emen t  mem br ane s  i s  sum mar i z ed  in  a  
r ecen t  r ev i e w ( I oz zo  2005) .  
  F ib r ob la s t  g r owt h  f ac t o r s  ( FGF s)  a r e  a  f ami ly  o f  p r o t e in s  
t ha t  r eg u la t e  ce l l  p r o l i f e r a t i on  and  d i f f e r en t i a t i on  d u r ing  e mbr yon ic  
deve lopm en t  by  b i nd ing  t o  FGF  r ec ep t o r s  ( FGF Rs)  ( Or n i t z  an d  I t oh  
2001) .   FGF- 2  ( Nug en t ,  Nug en t  e t  a l .  2 000)  i s  p r es en t  i n  t h e  
deve lop in g  g r owth  p l a t e  ( Hi l l  an d  L og an  1992 ;  L uan ,  P r au l  e t  a l .  
1996)  wh er e  i t  c an  r egu la t e  cho ndr oc y t e  p r o l i f e r a t i on  a nd  th e r eby  
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af f ec t  l o ng  bon e  g r owt h  ( T r ippe l ,  Wr o b lew sk i  e t  a l .  1993 ;  Nag a i ,  
T sukud a  e t  a l .  1995) .  Whi l e  t he  F GF- 2  knocko u t  mou se  h as  n o  
sev er e  d e f ec t  i n  l ong  b one  g r o wth  ( Do no ,  T ex ido  e t  a l .  1998 ;  
Or t eg a ,  I t tmann  e t  a l .  1998 ;  Z h ou ,  Su t l i f f  e t  a l .  1998) ,  sh owin g  on ly  
a  mi ld ,  adu l t - on se t  o s t e ope n ia  ( d ec r e as ed  bon e- miner a l  de ns i ty  an d  
bone  f o r m at ion )  ( Mont e r o ,  Oka da  e t  a l .  2000) ,  t he  FGF- 2  t r an sg en i c  
mous e ,  wher e  FGF- 2  i s  over - e xpr e s sed ,  has  s ever e ly  sho r t ene d  l imb s  
r esu l t i ng  f r om c hondr o cy t e  hyp er p l a s i a ,  i nc r e as ed  ex t r ac e l lu l a r  
ma t r ix  de po s i t i o n  and  d ecr e a sed  d i f f e r en t i a t i on  o f  hy per t r op h ic  
chondr ocy t e s  ( Cof f in ,  F lo r k i ewi cz  e t  a l .  1995) .  T he  ab sen ce  o f  l on g  
bone  d e f ec t s  i n  t he  FGF- 2  k nock ou t  c o u ld  be  du e  to  com pen sa t ion  
f o r  FGF- 2  by  o the r  F GFs  in  t he  g r ow th  p l a t e .   
Pe r l ec an  ma y  p l ay  a  r o l e  i n  r e gu la t i ng  the  d i s t r i bu t ion  o r  
ava i l ab i l i t y  o f  FGF s  in  t he  g r owth  p l a t e  ( Ar ika wa- Hi r as aw a ,  
Wata nab e  e t  a l .  19 99 ;  Ol se n  1999) .  FG F- 2  b ind s  t o  hep ar in  an d  
hepar an  s u l f a t e  i n  a  ma nner  o f t en  de pe nden t  u pon  th e  numb er  and  
seq uen ce  o f  t h e  su l f a t e  e s t e r s  i n  t he  g l yco sami nog ly ca n  cha in  
( Or n i t z  a nd  L eder  1 992 ;  Po wel l ,  Y a te s  e t  a l .  2004) .  FGF- 2  b in ds  t o  
pe r l e can  m ade  b y  an  en do th e l i a l  ce l l  l i ne  ( Knox ,  Mer r y  e t  a l .  2002)  
and  to  pe r l ec an  ma de  by  g r o wth  p l a t e  chondr ocy t e s  i n  cu l t u r e  
( Gov indr a j ,  We s t  e t  a l .  2006)  a nd  the  b ind in g  i s  t o  t h e  hep ar an  
su l f a t e  ch a in s .  E ndo th e l i a l  ce l l  pe r l e ca n  con ta in s  on ly  h epar an  
su l f a t e  ch a in s  ( Kno x ,  Mer r y  e t  a l .  200 2)  bu t  pe r l e ca n  i so l a t ed  f r om 
the  g r owt h  p l a t e  a l so  c on ta i ns  chon dr o i t i n  su l f a t e  cha i ns  i n  add i t i on  
to  t he  he par a n  su l f a t e  cha i ns  ( G ov indr a j ,  We s t  e t  a l .  20 02) .  T he  
chondr o i t i n  su l f a t e  ch a in s  on  g r o wth  p l a t e  p e r l ec an  h ave  r e cen t ly  
been  sho wn  to  b in d  to  co l l ag en  an d  ac ce l e r a t e  co l l agen  f i b r i l  
f o r mat ion  ( K v i s t ,  Joh ns on  e t  a l .  20 06) .  
FGFs  b i nd  to  bo t h  l ow an d  h igh  a f f i n i t y  r ecep to r s  ( Ma sc ar e l l i  
and  C our to i s  199 3) .  We s how ed  tha t  p e r l ec an  i s  t he  l o w a f f in i t y  
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r ecep to r  f o r  FGF- 2  in  t h e  dev e lop i ng  g r owth  p l a t e  an d  tha t  F GF- 2  
bound  to  p e r l e can  w a s  no t  de l ive r ed  to  t he  h igh  a f f i n i t y  r e cep t o r s  o n  
g r owth  p l a t e  c hondr ocy t e s  ( Gov in dr a j ,  Wes t  e t  a l .  200 6) .  T her e  a r e  
f ou r  h igh  a f f in i t y  r ec ep to r s  f o r  FGF- 2  ( FGFR- 1 ,  2 ,  3 ,  and  4 )  an d  
va r iou s  s p l i c e  va r i an t s  o f  ea ch  ( FGF R- 1b ,  FGFR- 2 c ,  f o r  examp le ) .  
FGFR- 1  a nd  FGF R- 3  a r e  t h e  FGF Rs ex pr es se d  in  t he  d eve lop in g  
g r owth  p l a t e  ( W ang ,  Gr e en  e t  a l .  2001) .  FGFR- 1  i s  u p r egu l a t e d  i n  
t he  g r owt h  p l a t e  a s  cho ndr oc y te s  hyp er t r ophy  an d  FGFR- 3  i s  
expr e s sed  in  p r o l i f e r a t i ng  chon dr ocy t e s .  A  mis se ns e  mut a t ion  in  
FGFR- 3  i s  kno wn  to  c au se  a chon dr op l a s i a ,  t h e  mos t  comm on  f o r m o f  
human  ske l e t a l  dw ar f i sm ( Sh i ang ,  T ho mpso n  e t  a l .  199 4) .  A  r a r e  
muta t io n  in  FGF R- 1  a l so  c au se s  os t eo g lophon ic  dy sp l as i a ,  a  s ever e  
d i s ea se  c har a c t e r i zed  b y  dwar f i sm,  p r e matu r e  f u s io n  o f  c r an i a l  
bone s  an d  bone  l e s ion s  ( Whi t e ,  Ca br a l  e t  a l .  2005) .  O t her  hum an  
ske l e t a l  dy sp l a s i as  h av e  bee n  l i nk ed  to  FGFR- 1  ( M uenk e  an d  Sche l l  
1995) .  FGFR- 1  and  FGF R- 3  th us  h ave  d i s t i nc t  e xpr e s s ion  do main s  
i n  t he  g r ow th  p l a t e  an d  pe r f o r m un ique  f unc t ion s .  
 I n  t h i s  s t udy ,  we  u s ed  a  c a t i on i c  f i l t r a t i on  a ss ay  ( For s t en ,  
Wang  e t  a l .  2000)  and  an  i mmuno pr ec i p i t a t i o n  a ss ay  ( Whi t e lo ck ,  
Mur do ch  e t  a l .  1996)  t o  t e s t  t h e  b in d in g  o f  FGF- 2  to  pu r i f i e d  
pe r l e can  f r om th e  dev e lo p ing  g r o wth  p l a t e .  W e a l so  us ed  a n  
immunopr ec i p i t a t i on  a s say  w i th  r ec om binan t  r ece p to r s  FGFR- 1c  an d  
FGFR- 3 c  and  a  p r o l i f e r a t i on  as sa y  wi t h  BaF3  ce l l s  ex pr e ss i ng  th es e  
r ecep to r s  t o  mea su r e  t he  a b i l i t y  o f  g r o wth  p l a t e  pe r l ec an  to  de l ive r  
FGF- 2  to  FGF R.  
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Expe r im ent a l  P roc edur es  
 
Chem ic a l s  
Rec ombin an t  h uman  F GF- 2  wa s  f r om P epr oT ec h  ( Ro cky  Hi l l ,  NJ ,  
U . S . A. ) .   P r o t e in  G  Seph ar os e  4  Fa s t  F low and  Hep ar in  Sep har o se  6  
Fas t  F l ow wer e  f r om Amer sh am Bio s c i enc es  ( P i sc a t a way ,  N J ,  
U . S . A. ) .  Chondr o i t i na se  A B C and  p r o t ea se - f r e e  cho ndr o i t i na se  A BC 
( bo th  E C 4 . 2 . 2 . 4 ) ,  chon dr o i t i n a se  A CI I  ( E C 4 . 2 . 2 . 5 ) ,  hepar i t i n as e  I  
( E C 4 . 2 . 2 . 8 )  and  hep ar i t i n a se  I I  ( no  E C numb er )  wer e  f r om 
As soc i a t es  o f  Cap e  Co d  ( E as t  Fa lmou t h ,  MA,  U. S . A. ) .  
L ipo f ec t amin e  p lu s  wa s  f r om I nv i t r oge n .  DME M w a s  f r om Gibc o .  
Sod ium [
1 2 5
I  ] i od ide  ( ca r r i e r  f r e e ,  17 . 4  Ci /mg)  an d  [ methy l -
3
H] thymid i ne  ( 6 . 7  Ci /mmol )  w er e  f r om  Per k inE lmer  ( B os t on ,  M A,  
U. S . A. ) .   Chemic a l s  wer e  f r om S ig ma ( S t .  L ou i s ,  MO,  U . S . A. )  
un l e ss  o the r wi s e  i nd i ca t ed .   
 
P er le can  
Gr owth  p l a t e s  f r om th i r d  t r im e s t e r  f e t a l  bov ine  r i b s  w er e  d i s sec t ed  
and  the  p r o t e i ns  e x t r a c t ed  wi th  4  M gu an id in e  hydr och l o r ide .  T he  
pe r l e can  in  t he  ex t r ac t  wa s  pu r i f i e d  us ing  C sCl  d en s i ty  g r ad i e n t  
cen t r i f u ga t i on  f o l lo wed  b y  ion  ex ch an ge  and  s i z e  ex c lu s ion  
ch r oma togr a phy  a s  p r e v iou s ly  d es c r ib e d  ( Gov indr a j ,  We s t  e t  a l .  
2002) .   T he  pu r i f i e d  pe r l eca n  wa s  d i a l yzed  o ver n i gh t  a t  4 º C ag a in s t  
d i s t i l l ed  w a te r  t o  r emov e  the  gu an id in e  and  a l l ow th e  na t i ve  
s t r uc tu r e  o f  t h e  co r e  p r o t e in  t o  r e f o r m ( L edbe t t e r ,  F i sh e r  e t  a l .  
1987)  a s  s een  in  We ste r n  b lo t s  o f  t he  f i na l  p r od uc t .  T he  
g lyco sa minog lyc an  co n ten t  o f  t he  pu r i f i ed  pe r l ec an  wa s  d e t e r mi ned  
by  the  d im ethy lmeth y le ne  b lu e  ( DM M B)  dye  b i nd ing  as sa y  us ing  
chondr o i t i n  su l f a t e  C  as  a  s t a ndar d  ( Fa r nda l e ,  B u t t l e  e t  a l .  198 6) .  
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Solub le  F GF  Re cept o r  
Con st r u c t s  enco d ing  th e  s o lub l e  FGF R 1 and  FGF R3 r ec ep t o r s  w er e  
ob t a in ed  f r om Dr .  D .  Or n i t z  ( Or n i t z ,  Y ayon  e t  a l .  1992) .  E ac h  
con s t r uc t  wa s  com pr i s ed  o f  t he  ex t r a ce l lu l a r  r eg i on  o f  t he  r esp ec t ive  
mur ine  r e cep t o r  f us ed  to  p l ace n ta l  a lka l ine  pho sp ha t as e  ( AP)  and  
c lon ed  in to  a n  expr es s io n  ve c to r .  Co s7  ce l l s  wer e  g r own  in  D ME M 
supp lem en te d  wi th  1 0%  FBS .  T he  FGF  Rec ep t o r - Alk a l ine  
Phosp ha t as e  ( FR AP)  p l a smid  w a s  t r an s f ec t e d  in to  c e l l s  u s ing  
l i po f e c t ami ne  p lu s .  T he  am oun t s  o f  r ec ombina n t  r ec ep to r  p r o duc t  
se c r e t e d  i n to  t h e  med ia  wer e  de t e r min e d  by  mea su r in g  the  a lka l ine  
phos pha ta se  a c t i v i t y  i n  t he  m ed i a .  
 
P repar at ion  o f  Rad i o lab e l l ed  F GF s 
FGFs w er e  r ad i o l a be l l ed  u s ing  sod i um [
1 2 5
I  ] - I od ide  ac t i v a t e d  in  
I ODO- GE N- coa t ed  tu be s  ( P i e r c e  Bio t e chno l ogy ,  Ro ckf o r d ,  I L ,  
U . S . A. )  u s ing  th e  man uf ac tu r e r ’ s  su pp l i ed  p r o to co l  ( C h iz zon i t e  
i nd i r e c t  me th od) .   Br i e f ly ,  0 . 5  m Ci  o f  sod i um [
1 2 5
I ] - I od ide  w as  
adde d  to  t he  I O DO- GE N t ube  c on ta in in g  100  µ l  o f  i od in a t io n  bu f f e r  
( 0 . 025  M T r i s - HCl ,  0 . 4  M Na Cl ,  pH 7 . 4 ) .   Af t e r  6  min  a t  r oom 
t emper a tu r e ,  t h e  ac t i va t ed  io d ine  so lu t ion  wa s  t r an sf e r r ed  to  a  1 . 5  
ml  po lypr o py le ne  tub e  co n ta in ing  5  µg  o f  FGF- 2  in  100  µ l  
i od ina t ion  bu f f e r .   Af t e r  r ea c t ing  f o r  9  min  a t  r oom t em per a t u r e ,  t he  
r eac t i on  w as  t e r mina t ed  by  t he  ad d i t i o n  o f  50  µ l  o f  10  mg/ml  L -
ty r os i ne .  T he  s pe c i f i c  a c t i v i t y  o f  t he  r ad io l abe l l ed  FGF- 2  wa s  
de t e r mi ned  b y  as su ming  a l l  wa s  i od i na t ed  and  sub jec t ing  1%  of  t h e  
i od ina t ed  p r o duc t  t o  SDS- PAGE ,  de t e r min ing  th e  l oc a t ion  o f  t he  
FGF- 2  by  au t o r ad i og r ap hy ,  ex c i s ing  th e  band  and  co un t in g  the  
r ad ioa c t iv i t y  i n  a  Mod e l  1191  g amm a c oun te r  ( T M A na l y t i c ,  E lk  
Gr ove  Vi l l ag e ,  I L ,  U . S . A. ) .  T he  r emain ing  s ampl e  vo lum e wa s  
ad ju s t e d  t o  0 . 4  ml  wi th  co lum n buf f e r  ( i od ina t ion  bu f f e r  con t a in i ng  
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0 . 1%  [ w/v ]  BSA) ,  and  u n in cor por a t ed  
1 2 5
I od ine  r emo ved  o n  PD- 10  
co lumn s  ( Am er s ham B io sc i enc es)  e qu i l i b r a t e d  i n  co lu mn buf f e r .   
A l iquo t s  o f  f r a c t i on s  w er e  co un te d  to  de t e r mi ne  th e  e lu t i on  po s i t i on  
o f  
1 2 5
I od ine  i nc o r por a t ed  in t o  FGF- 2 .  F r ac t io ns  c on t a in in g  
r ad io l abe l l ed  FGF- 2  wer e  p oo le d  and  i ncub a ted  wi th  H epar i n  
Sephar os e  6  Fa s t  F low b ead s  ( Am er s ha m Bio sc i enc es ,  p r e wa sh ed  
wi th  4  M G uan i d in e  HCl  t hen  P BS)  f o r  1  hour  wi th  ge n t l e  r o ck in g .  
T he  bea ds  w er e  t h en  w ash ed  wi th  PBS  and  the  b ound  F GF- 2  r e l e a sed  
wi th  e lu t i on  bu f f e r  ( 2  M Na Cl  c on ta in i ng  0 . 025  M T r i s  HC l ,  pH 
7 . 4 ) .  T he  e lua t e  wa s  d i a lyz ed  ag a in s t  PBS ,  and  th e  i nc o r por a t ion  o f  
1 2 5  I od in e  i n to  FGF- 2  w a s  ve r i f i ed  by  c oun t in g  in  a  gam ma co un te r  
and  by  SDS- P AGE  and  au to r ad io g r aph y  to  conf i r m  th e  mole cu l a r  
mas s  o f  t he  i od in a t ed  g r owth  f a c to r .  T he  d i a l ys ed  e l ua t e  wa s  t he n  
s to r e d  in  a l i quo t s  a t  –8 0
o
C un t i l  u s e .  [
1 2 5
I ] - FGF- 2  p r epar e d  us i ng  
th i s  p r o ced ur e  ha d  com par a b le  b i nd ing  char a c t e r i s t i c s  t o  
commer c i a l l y  p r ep ar ed  [
1 2 5
I ] - FGF- 2  ( r ecom bina n t  hum an ,  Bo l t on -
Hun te r  l abe l l ed ;  P e r k inE lm er )  whe n  t e s t e d  f o r  pe r l e can  b i nd in g  in  
t he  ca t i on i c  f i l t r a t i on  a s say  d es c r ib ed  be low ( d a t a  n o t  sh own) .  
 
Cat ion i c  f i l t ra t ion  a s say  
Per l ec an - FGF- 2  b ind i ng  wa s  d e t e r min e d  us in g  a  ca t i on i c  f i l t r a t i on  
( CAF)  a ss ay  ( For s t en ,  W ang  e t  a l .  200 0) .   B ind ing  a s sa ys  w er e  
pe r f o r med  i n  a  bu f f e r  c on s i s t i ng  o f  0 . 0 5  M T r i s - H Cl ,  0 . 15  M N aC l ,  
2  mg/ml  p r o t e a se - f r e e  BSA,  p H 8 . 0 .   [
1 2 5
I ] - FGF2  was  i ncu ba t ed  in  
t he  ab se nc e  and  p r es enc e  o f  pe r l eca n  a nd  comp et i t o r  l i gand s  i n  
so lu t ion  a t  2 5
o
C f o r  1  h  i n  a  f i n a l  i nc u ba t ion  v o lum e o f  0 . 2  ml .   
Con t r o l  pe r l e ca n  and  p e r l e can  bo und  t o  [
1 2 5
I ] - FGF- 2 ,  wer e  cap tu r ed  
by  vac uum f i l t r a t i on  a c r o ss  a  ca t i on i c  membr a ne  ( Z e ta - P r obe ;  Bio -
Rad  L ab or a to r i e s ,  Her cu le s ,  CA,  U . S . A. )  p l ace d  in to  a  9 6 - wel l  do t -
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b lo t  app ar a t us  ( Min i f o l d  I ;  Sch l e i ch er  and  Sch ue l l ,  K een e ,  NH,  
U . S . A. ) .   Unbound  [
1 2 5
I ] - FGF- 2  wa s  r e moved  b y  r i n s i ng  the  we l l s  
t h r ee  t im es  wi th  0 . 2  ml  i n cub a t ion  b u f f e r .   T he  f i l t e r s  w er e  d r i e d  
and  do t s  co r r es pond i ng  to  e ach  we l l  w er e  cu t  o u t ,  p l ac ed  in t o  t ube s  
and  the  r ad io ac t i v i t y  me a su r ed  i n  a  ga mma cou n te r .   As s ays  wer e  
pe r f o r med  i n  a  min im um of  dup l i ca t e s .   B ind ing  o f  [
1 2 5
I ] - FGF- 2  to  
t he  mem br an e  in  t he  a bs enc e  o f  pe r l ec an  wa s  s ub t r a c t e d  to  
de t e r mi ne  spe c i f i c a l l y  b ound  g r o wth  f a c to r .  
 
Ant i s era  
Polyc l ona l  an t i se r um t o  pe r l e ca n  ( GPP 76)  and  po l yc l ona l  an t i se r um 
to  aggr e ca n  ( RB 012)  w er e  ob t a ine d  by  pu r i f y ing  p e r l e can  and  
aggr e can  f r om f e t a l  bo v ine  r i b  g r owth  p l a t e s  ( Go v indr a j ,  We s t  e t  a l .  
2002)  an d  empl oy ing  a  comm er c i a l  s e r v i ce  ( I nv i t r oge n ;  C ar l s bad ,  
CA,  U . S . A. )  t o  r a i s e  an t ibod i e s  t o  t he s e  p r o t eo g lyc an s  i n  r ab b i t s .  
An t i - c a l f  i n t e s t i na l  a lka l i ne  ph os pha t a se  a n t ibo dy  wa s  f r om S igm a 
( S t .  L ou i s ,  MO,  USA) .  
 
Dot  Blo t  
T he  cap ac i t y  o f  Z e t a - P r o be  mem br an es  t o  b ind  pe r l ec an  in  t he  CAF 
as sa y  wa s  de t e r min ed  by  f i l t e r ing  sam ple s  con t a in i ng  d i f f e r en t  
amoun t s  o f  pe r l ec an  th r o ugh  th e  memb r ane  an d  wa sh i ng  the  f i l t e r s  
a s  d es c r ibe d  abo ve .   Af t e r  d r y i ng ,  t he  f i l t e r s  w er e  b l ock ed  f o r  1  h  i n  
Du lbe cc o’ s  P BS  ( Me d ia t ech ,  H er ndo n ,  VA,  U . S . A. )  con ta i n ing  0 . 2%  
( w/v )  I - Bloc k   ( App l i ed  Bi os ys t em s ,  Fos t e r  Ci ty ,  C A,  U . S . A. ) .   T he  
p r imar y  an t i s e r um ( GPP7 6)  wa s  ad ded  a t  a  f i na l  con cen t r a t i on  o f  
1 :400 ,  an d  the  b lo t  i ncu ba t ed  f o r  18  h  a t  4 °C.   T he  p e r l ec an  s ign a l  
was  d e t ec t ed  us ing  a  1 : 5000  d i lu t i o n  o f  a  ho r se r ad i sh  pe r ox id as e -
coup l ed  s ec ondar y  an t i body  and  an  E C L  k i t  ( Amer sh am 
Bio sc i enc e s) .   I mage s  wer e  r e co r d ed  o n  x - r ay  f i lm  ( Bio M ax  XA R;  
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Koda k ,  Roc he s t e r ,  NY,  U . S . A. )  and  p i xe l  den s i t i e s  o f  do t s  i n  t he  
l i nea r  r a nge  o f  f i lm  e xpo sur e  wer e  m ea su r e d  us i ng  Qu an t i t y  One  
so f tw ar e  ( B io - R ad  L abor a to r i es ) .  
 
Im m unopr ec ip i t a t ion  a ss ay  
FGF b ind in g  to  pe r l ec an  wa s  a l so  eva l ua t e d  us i ng  an  
immunopr ec i p i t a t i on  ( I P )  a s s ay  f o r  pe r l eca n  s im i l a r  t o  t h a t  
p r ev iou s l y  de sc r ib ed  ( Wh i t e lo ck ,  M ur d och  e t  a l .  1996 ;  K nox ,  M er r y  
e t  a l .  2002) ,  ex ce p t  t ha t  a t  t he  c ompl e t ion  o f  t he  
immunopr ec i p i t a t i on ,  t he  b ound  [ 1 2 5 I ] - FGF- 2  wa s  f r ac t i ona t ed  in to  
t ha t  e l u t ed  b y  2  M N aCl  a nd  th a t  r emai n ing  bou nd  to  t h e  bea ds .   
T h i s  co nce n t r a t i on  o f  s od ium c h lo r id e  was  se l ec t ed  b ec aus e  i t  ha s  
been  sho wn  to  r e l ea se  FGF- 2  boun d  to  hepar i n  and  to  t he  l o w 
a f f in i t y  FGF  r e ce p to r  p r e se n t  on  c e l l s  and  in  t i s s ue s  ( Ch i n t a l a ,  
Mi l l e r  e t  a l .  199 4 ;  Ch i n t a l a ,  Mi l l e r  e t  a l .  1995) .   Un le s s  o th e r wi se  
no t ed ,  12 8  ng  o f  pe r l eca n  wa s  i n cuba te d  wi th  10 5  cp m o f  [
1 2 5
I ] - FGF-
2  in  a  f i na l  vo lume o f  1  ml  o f  I P  bu f f e r  ( 0 . 02  M T r i s ,  0 . 15  M 
sod i um ch l o r ide ,  1%  ( v /v )  T r i t on  X- 1 0 0 ,  pH 7 . 4 )  f o r  1  h  a t  25
o
C.   
F ive  mic r o l i t e r s  o f  e i t he r  no r m al  r abb i t  ( non- immun e)  o r  immun e  
se r um wa s  then  add ed  an d  the  sampl e s  wer e  i n cub a ted  f o r  3  h  a t  
4
o
C.   T wen ty - f iv e  mic r o l i t e r s  o f  P r o t e i n  G- con j uga t ed  Se phar o s e  4  
Fas t  F l ow be ad s ,  wa she d  twic e  i n  1  ml  I P  bu f f e r  by  cen t r i f uga t ion  
f o r  5  min  a t  2500  g  a t  4
o
C,  wer e  add ed  to  each  t ube  a nd  the  t ube s  
t umble d  over n igh t  a t  4
o
C.  T he  be ad s  w er e  t he n  wa sh ed  th r e e  t ime s  
as  a bov e  wi th  1  ml  I P  bu f f e r  a nd  the  b ound  mat e r i a l  e lu t ed  by  
incub a t io n  wi th  0 . 5  ml  o f  2  M sod ium ch lo r id e  ( i n  I P  bu f f e r  wi t hou t  
T r i t on  X- 100)  f o r  30  min  a t  25
o
C,  f o l l owed  b y  cen t r i f uga t ion  a s  
abov e  a t  25
o
C.   T he  r ad io ac t iv i t i e s  i n  t he  su per n a t an t s  ( e lu t e d  
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coun t s )  an d  pe l l e t s  ( r emai n ing  c oun t s )  wer e  me a su r ed  i n  a  gamm a 
coun t e r .  
 
Glyco s ida se  t rea t m e nt  o f  per l ecan   
For  CAF an d  I P  as sa ys ,  pe r l ec an  ( 128  ng  o f  DM MB r eac t iv i t y )  w a s  
e i t he r  sha m d ige s t ed ,  o r  d ige s t ed  s epar a t e ly  w i th  e i t he r  p r o t ea se -
f r ee  cho ndr o i t i na se  A B C ( 10  mU)  to  r e move  ch ondr o i t i n  s u l f a t e  
g lyco sa minog lyc an  ( GA G) ,  a  mix tu r e  o f  hepar i t i na se s  I  and  I I  ( 5  mU 
eac h)  t o  r emov e  HS- GA G,  o r  wi th  p r o t ea se - f r e e  cho ndr o i t i na se  A BC 
and  he par i t i na se s  t o  r emo ve  bo th  CS-  a nd  HS- GA Gs,  i n  0 . 1  ml  
d ige s t i o n  bu f f e r  ( 20  m M T r i s - H C1,  50  mM s od ium a ce t a t e ,  5  mM 
ca l c ium ch lo r id e  and  0 . 2  mg/ m1  BS A,  pH 7 . 4 )  f o r  3  h  a t  37° C.  
Compl e t io n  o f  g lyc os i da se  d i ge s t i on s  was  conf i r m ed  by  th e  l o ss  o f  
DM MB r e ac t iv i t y  o f  sha r k  ca r t i l ag e  ch ondr o i t i n  su l f a t e  C  o r  bov in e  
k idne y  HS  ( 5  µg  ea ch)  i n  d ig es t i on s  s e t  up  in  pa r a l l e l  w i th  
appr opr i a t e  enzy me s .   B ind i ng  o f  sh am  and  g lyc os ida se - t r ea t ed  
pe r l e can  to  t he  Z e t a - P r obe  m embr a ne  was  conf i r m ed  by  do t  b lo t  a s  
des c r ib ed  abo ve .  Fo r  ce l l  p r o l i f e r a t i o n  as say s ,  pe r l ec an  ( 100  µg  by  
DM MB r e ac t iv i t y )  o r  10 0  µg  o f  chon dr o i t i n  s u l f a t e  C  w er e  d ig es t ed  
wi th  50  mU of  p r o t ea s e - f r ee  c hondr o i t i nas e  A BC in  1 . 5  ml  o f  25  m M 
sod i um ac e t a t e ,  pH 7 . 0 ,  f o r  1  h  a t  37° C.   
 
F GF  Recept o r  Bind i ng  A ss ay  
T he  b ind in g  a ss ay  mix t u r e  co ns i s t ed  o f  cond i t i one d  med i a  f r om Co s  
7  ce l l s  t ha t  wer e  t r an sf ec t ed  wi th  co ns t r uc t s  enc od in g  FGF  
Rec ep t o r - Alk a l ine  p ho sph a ta se  o r  F RA P ( 0 . 4  OD un i t s  o f  
phos pha ta se  a c t i v i t y  f o r  FRAP- 1c  an d  FRAP- 3 c) ,  [ 1 2 5 I ] - FGF- 2  and  
pe r l e can .  Al l  r e ac t ion s  wer e  i nc uba t ed  a t  r oom t emp er a tu r e .  
Und ig es t ed  p e r l e can ,  ch ondr o i t i na s e - d i ges t ed  p e r l e can  o r  h epar i n  
was  add ed  in  co nc en t r a t i on s  r ang i ng  f r om 0  to  2 . 5  µg  GAG s /  t ub e  
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( 0 - 10  µg  GAG s /  m l ) .  An t i - ca l f  i n t es t i na l  a lk a l in e  pho sph a ta s e  
an t ibo dy  wa s  a dde d  to  immun opr e c ip i t a t e  t h e  FRAP and  20  µ l  o f  
P r o t e in  G  sep har o se  w a s  us ed  to  c ap tu r e  t he  an t ibod y .  T he  be ads  
wer e  w as hed  t wic e  wi th  i c e  co l d  PBS  a nd  the  t ub e s  wer e  coun ted  
d i r ec t l y  i n  a  ga mma c oun t e r  t o  mea su r e  t he  am oun t  o f  i od ina t ed  
FGF2  ca p tu r e d  on  the  b ead s .  Fo r  ea ch  r eac t i on  co nd i t i on ,  a  con t r o l  
was  d one  wi th  i d en t i ca l  r e age n t s  and  p r e - immun e  se r um in s t e ad  o f  
t he  an t ibod y .  T he  r es u l t i ng  v a lu es  f o r  t he  p r e - imm une  con t r o l s  w er e  
sub t r ac t ed  f r om the  exp er imen ta l  v a lue s  t o  g iv e  t he  spe c i f i c  v a lu es  
sho wn  in  ou r  r e su l t s .  
 
 
Cel l  pr o l i f e ra t ion  a s say  
T he  ab i l i t y  o f  pe r l eca n  to  med i a t e  t he  de l iv e r y  o f  FGF- 2  to  
FGF  r ece p to r s  wa s  de t e r min ed  u s ing  B aF3  ce l l s  a s  p r ev iou s l y  
des c r ib ed  ( Or n i t z ,  Yayo n  e t  a l .  19 92) .   I n  b r i e f ,  BaF3  c e l l s  
t r ansf ec t ed  wi t h  p l a smid s  c on ta in ing  t he  FGFR- 1c  an d  FGF R- 3c  
con s t r uc t s  w er e  w as hed  wi th  RP MI  164 0  med ium l ack i ng  I L - 3  and  
p l a t e d  i n  96 - w el l  m ic r o t i t e r  p l a t e s  a t  2 x10 4  ce l l s / we l l .   FGF- 2  a t  
200  pM and  e i t he r  h epar i n ,  pe r l e can ,  p e r l ec an  d ig e s t ed  w i th  
p r o t ea s e - f r ee  c hondr o i t i n as e  AB C or  c hondr o i t i n  su l f a t e  d ige s t ed  
wi th  p r o t ea se - f r e e  cho ndr o i t i na se  A B C  wer e  ad ded  a t  0 - 5  µg /ml ,  a l l  
i n  200  µ l  RP MI - 164 0  med i um per  w e l l .   One  mic r o cur i e  o f  [ 3 H] -
thymid i ne  i n  50  µ l  o f  RPMI - 1 640  w as  adde d  36  h  l a t e r  and ,  a f t e r  6  h  
o f  cu l tu r e ,  c e l l s  wer e  co l l ec t ed  wi t h  a  PHD ce l l  ha r v es t e r  
( Cambr i dge  T e chno log i es ,  I nc . ,  W ate r t own ,  MA,  U. S . A. ) .   
I nco r por a t ed  [ 3 H] - th ymid i ne  w as  d e t e r mined  by  l i qu id  sc i n t i l l a t i on  
coun t i ng .  
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Res u l t s  
 
Bind ing  o f  F GF - 2  t o  P er l ecan  in  t he  CAF  As say  
Pr e l imin ar y  exp er ime n t s  wer e  p e r f o r m ed  to  op t im ize  t he  am oun t  o f  
pe r l e can  u se d  in  t he  CAF a s say .   We f i r s t  t e s t e d  t he  b i nd ing  
cap ac i t y  o f  t he  c a t i on i c  mem br an e  f o r  pe r l e can  b y  f i l t e r in g  d i f f e r e n t  
amoun t s  o f  pe r l ec an  a nd  me asu r ing  th e  amoun t  bo und  to  t h e  f i l t e r  
wi th  t he  an t i se r u m to  pe r l eca n .   T he  r e su l t s  i nd i ca t ed  th a t  t he  
max imum amou n t  o f  pe r l e ca n  tha t  c ou l d  be  r e t a i ned  o n  the  f i l t e r  
was  ~8  ng  ( Da ta  no t  sho wn) .   Quan t i t i e s  o f  1 . 6  ng  to  8  n g  o f  
pe r l e can  w er e  u se d  in  i ncu ba t i on s  con t a in ing  p e r l e can ,  a nd  
incub a t io ns  w er e  a l l ow ed  to  p r o cee d  f o r  one  hour  i n  a l l  su bs equ en t  
b ind in g  and  c ompe t i t i on  as s ays .  T he  b i nd ing  o f   [ 1 2 5 I ] - FGF- 2  to  2  
ng  pe r l e ca n  wa s  de t e r min ed  a t  c onc en t r a t i on s  r ang ing  f r om 0 . 086  t o  
44  nM [ 1 2 5 I ] - FGF- 2  ( F igu r e  5 ) .  Af t e r  s ub t r ac t ing  b ack gr ound  
b ind in g  o f  FGF- 2  to  t he  Z e t a  P r ob e  me mbr ane  ( F ig u r e  5 ,  “no  
pe r l e can ”)  we  f ou nd  appr ox im ate l y  1 . 6  nanogr am o f  FGF- 2  bou nd  
pe r  nan omola r  F GF- 2  add ed  in  t h e  r an ge  o f  0 . 172  to  22  n M FGF- 2  
adde d  un t i l  sa t u r a t i o n  wa s  r ea ch ed  a t  2 2  nM.  
 
 
HS part i c ip at e s  in  per l eca n- F GF - 2  b ind ing  
Per l ec an  w as  e i t he r  l e f t  und i ge s t e d ,  o r  d ige s t ed  sep ar a t e ly  wi th  
e i t he r  p r o t ea s e - f r ee  c hondr o i t i n as e  AB C or  a  mix tu r e  o f  
hepar i t i na s es  I  an d  I I .  Und ige s t ed  o r  g lyco s id as e - t r e a t ed  p e r l e can  
was  t hen  in cub a te d  wi th  4  ng  o f  [ 1 2 5 I ] - FGF- 2 ,  and  s pe c i f i c  b i nd ing  
de t e r mi ned .   B i nd ing  o f  [ 1 2 5 I ] - FGF- 2  t o  pe r l e can  w a s  mar ke d ly  
r educ ed  by  h epar i t i na se  d ige s t i o n ,  i nd i ca t in g  a  r equ i r eme n t  f o r  
hepar an  s u l f a t e  ch a in s  i n  pe r l ec an - FGF - 2  b ind ing  ( F ig u r e  6 ) .   
Chon dr o i t i n a se  d ig es t i on  in c r e as ed  [ 1 2 5 I ] - FGF- 2  b ind ing  t o  pe r l e ca n  
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s l i gh t ly  bu t  n o t  s i gn i f i c an t l y .   E qu iva l en t  b ind ing  o f  und ige s t ed  and  
g lyco s id a se - t r e a t e d  pe r l eca n  to  t he  Z e t a - P r obe  m embr an e  wa s  
conf i r me d  by  immu nob lo t t i ng  ( d a t a  n o t  show n) .   T he  ab i l i t y  o f  f r e e  
chondr o i t i n  su l f a t e  o r  he par a n  su l f a t e  cha i ns  t o  comp ete  f o r  t h e  
b ind in g  o f  pe r l e can  t o  FGF- 2  wa s  a l so  eva l ua t ed .   Pe r l ec an  w as  
adde d  to  t ub es  c on t a in in g  0  –  200  ng  o f  chondr o i t i n  s u l f a t e  C  o r  
bov in e  k idn ey  HS ,  f o l l o wed  by  t he  ad d i t i on  o f  1  ng  o f  [ 1 2 5 I ] - FGF- 2 .   
Af t e r  one  h our  o f  i nc uba t i on  th e  sa mpl es  w er e  f i l t e r ed  a nd  sp ec i f i c  
b ind in g  de t e r mine d .   Hepar an  s u l f a t e  r educ ed  [ 1 2 5 I ] - FGF- 2  b ind i ng  
to  pe r l e can  b y  90%  bu t  d i d  no t  ab o l i sh  b ind ing  e ven  a t  1µg /ml  
( F igu r e  7 ) .   I n  con t r a s t ,  ch ondr o i t i n  s u l f a t e  d id  n o t  r edu ce  b i nd in g .  
T h i s  co nf i r ms  th e  r e su l t s  ob t a in ed  by  d ige s t i n g  the  p e r l ec an  wi th  
chondr o i t i n as e  AB C or  he par i t i na se s  a nd  mea su r in g  FGF- 2  b in d ing  
( F igu r e  6 ) .  
 
Bind ing  o f  F GF - 2  t o  per l ec an  in  t he  IP  as say   
T he  l i ne a r i t y  o f  t h e  I P  as say  wa s  f i r s t  de t e r mi ned  b y  comb in ing  
pe r l e can  w i th  [
1 2 5
I ] - FGF- 2  ( 1µg /10 6  c p m) ,  and  immuno pr ec i p i t a t i ng  
a l i quo t s  o f  t h i s  mix tu r e  c on ta in ing  2 5 - 500  ng  o f  pe r l ec an  u s ing  a n t i -
pe r l e can  se r um and  p r o t e in  G  b ead s .   T he  amou n t  o f  [
1 2 5
I ] - FGF- 2  
e lu t e d  f r om the  b ead s  wi t h  2  M s od ium  ch lo r id e  and  th e  amo un t  
r emain i ng  on  th e  be ad s  wa s  t he n  mea s u r ed .   Appr ox i mat e ly  70%  of  
t he  [
1 2 5
I ] - FGF- 2  bound  t o  bea ds  i n  t he  p r es enc e  o f  t he  an t i se r um t o  
pe r l e can  w a s  e lu t ed  by  2  M so d ium ch l o r ide  ( F igu r es  8 A and  B) .  
Appr ox i mat e ly  two  f o l d  mor e  [ 1 2 5 I ] - FG F- 2  was  r e l e as ed  by  2  M 
sod i um ch l o r ide  f r om b ead s  i n cub a ted  wi th  t h i s  an t i s e r um to  
pe r l e can  th an  f r om be ad s  i nc uba t ed  wi th  an  an t i s e r um to  ag gr e can  o r  
bead s  i n cub a ted  w i thou t  s e r um th r ou gh ou t  t he  r a nge  o f  p e r l ec an  
t e s t ed  ( F igu r e  8A) .   T h i s  i nd i c a t e s  t ha t  t h i s  I P  a ss ay  i s  l i ne a r  f o r  up  
to  500  ng  o f  pe r l ec an .   
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We the n  us ed  th e  I P  as sa y  to  de t e r min e  the  r o l e  o f  t he  he par a n  
su l f a t e  o r  ch ondr o i t i n  s u l f a t e  ch a in s  o n  pe r l e can  in  b ind in g  [
1 2 5
I ] -
FGF- 2 ,  wh ic h  wa s  su bs equ en t l y  r e l e as ed  by  2  M sod i um ch l o r ide  
and  me as u r ed  ( F ig u r e  9 ) .   Chon dr o i t i n as e  d ige s t i on  en han ced  FG F- 2  
b ind in g  by  20% ,  bu t  be ca us e  t h i s  i nc r e as e  wa s  s een  w i th  bo t h  t he  
non- immu ne  s e r um a nd  the  p e r l e can  an t i se r um,  t he  b in d ing  i s  no t  
s i gn i f i ca n t .  Hep ar i t i n as e  d ig es t i on ,  ho wever ,  r ed uc ed  the  b ind in g  o f  
[
1 2 5
I ] - FGF- 2  to  pe r l ec an  by  8 5% .  
 
Bind ing  o f  F GF - 2  t o  F GF  Rec ept or s:  Ce l l - f r ee  A s say  
Pr ev iou s  s t ud i es  h ave  show n  tha t  t h e  f o r mat ion  o f  a  t r imo l ecu la r  
compl ex  co ns i s t i ng  o f  h epar i n /he par a n  su l f a t e ,  FGF R and  F GF  co u ld  
be  r equ i r ed  f o r  c e l l  r e ce p to r - me d ia t e d  s ig na l in g  to  o ccur  ( Or n i t z ,  
Yayo n  e t  a l .  1 992 ;  Ch e l l a i ah ,  Yuan  e t  a l .  19 99) .  S in ce  F GF- 2  w a s  
sho wn  to  b i nd  p e r l ec an  in  bo th  t he  c a t i on i c  f i l t r a t i o n  a s say  and  th e  
immunopr ec i p i t a t i on  as s ay  in  t h i s  s t u dy ,  we  f i r s t  t e s t e d  t h e  a b i l i t y  
o f  pe r l eca n  to  enh anc e  FG F- 2  b i nd i ng  to  F GFR- 1 c  and  F GFR- 3 c  
us in g  the  immun opr e c ip i t a t i o n  a ss ay .  T he  sp ec i f i ca l l y  bo und  F GF- 2  
i s  sho wn  a s  a  f un c t io n  o f  t h e  G AG co ncen t r a t i o n  ad ded  ( F igu r e  10 ) .  
Fo r  bo th  r ec ep to r s ,  ad d i t i o n  o f  p e r l e ca n  ca us ed  a  s t ea dy  d ecr e a se  i n  
t he  amoun t  o f  FGF- 2  tha t  bo und  th e  FGF  r ec ep to r .  I n  c on t r a s t ,  
add i t i on  o f  ch ondr o i t i na se - d ige s t ed  p e r l ec an  in c r ea s ed  the  amou n t  
o f  FGF- 2  tha t  bo und  to  ea ch  o f  t h e  r e cep t o r s .  T h e  add i t i on  o f  
hepar i n  i n c r e as ed  t he  b ind i ng  o f  FGF - 2  to  F GFR- 1 c  b u t  d ec r ea se d  
the  b ind ing  o f  FGF- 2  to  F GFR- 3 c .   
 
Bind ing  o f  F GF - 2  t o  F GF  Rec ept or s:  Ef f ec t  on  c e l l  pr o l i f e ra t ion  
We a l so  t e s t ed  t h e  ab i l i t y  o f  pe r l eca n  con t a in in g  bound  F GF- 2  to  
f o r m a  compl ex  wi t h  FGFR and  e nhan c e  the  mi to gen i c  a c t i v i t y  o f  
FGF- 2  on  B aF3  c e l l s  expr es s in g  FGFR - 1c  o r  FGFR- 3 c .   Pe r l ec an  d i d  
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no t  s t im u la t e  i nc o r por a t ion  o f  [ 3 H] - thy mid ine  i n  BaF 3  ce l l s  
expr e s s ing  FG FR- 3 c  ( F igu r e  1 1 ,  l e f t  p ane l )  bu t  d id  p r od uce  a  s l i gh t  
s t imu l a t io n  o f  [ 3 H] - thymid ine  i n co r por a t ion  a t  t he  h ig he s t  
conc en t r a t i on  o f  p e r l e can  in  BaF3  ce l l s  expr es s i ng  FGF R- 1c  ( F igu r e  
11 ,  r i gh t  pan e l ) .   I n  con t r a s t ,  pe r l ec an  d ige s t e d  wi th  c hondr o i t i n as e  
AB C to  r emov e  the  chon dr o i t i n  su l f a t e  cha in s  s t imu l a t ed  [ 3 H] -
thymid i ne  i n co r por a t ion  in  b o th  B aF3  ce l l  l i n e s .   T he  chondr o i t i n as e  
AB C- d ig es t ed  ch ondr o i t i n  s u l f a t e  con t r o l  d id  no t  s t imu l a t e  
i nco r por a t io n  in  e i t h e r  ce l l  l i ne .   
 
 
 
Dis cus s io n  
 
T he  r es u l t s  o f  t he se  s tud i es  u s i ng  bo th  a  ca t i o n i c  f i l t r a t i on  
( CAF)  a ss ay  an d  an  imm unopr ec ip i t a t i on  ( I P )  a s say  sho w tha t  
pe r l e can  p u r i f i ed  f r om th e  dev e lo p ing  g r owth  p l a t e  b i nd s  t o  FGF- 2  
and  th i s  i nd i ca t e s  t ha t  n o  o the r  e x t r a ce l lu l a r  ma t r i x  com pone n t s  a r e  
need ed  f o r  t h i s  b ind ing  to  o ccur .  T h i s  b ind in g  i s  p r im ar i l y  t o  t h e  
hepar an  s u l f a t e  ch a in s  on  pe r l ec an .   R emov a l  o f  t he  h epar an  s u l f a t e  
cha i ns  by  h ep ar i t i n as e  d ig es t i on  mar k e d ly  dec r ea se d  FGF- 2  b in d ing  
and  com pet i t i on  s tud i e s  wi th  h epar an  s u l f a t e  r e duc ed  b in d ing  by  
90% .   T hese  d a t a  i n d i c a t e  t h a t  t he  h ep ar an  s u l f a t e  ch a in s  on  
pe r l e can  a r e  e ss en t i a l  f o r  max i mum FG F- 2  b ind ing .   
T he  amou n t  o f  FGF- 2  tha t  cou l d  b ind  t o  pe r l e can  in  t he  C AF 
as sa y  wa s  dep end en t  on  t he  co nc en t r a t i on  o f  FGF- 2  u sed  ( F ig u r e  5 ) .  
We f oun d  tha t  a t  a  con ce n t r a t i on  o f  22  nM FGF- 2 ,  ( a t  wh i ch  b i nd ing  
to  pe r l e can  wa s  s a tu r a t ed )  35  ng  o f  F G F- 2  cou ld  b i nd  to  2  ng  o f  
pe r l e can .   T he  am oun t  o f  p e r l ec an  u se d  in  t he se  a s say s  i s  ba sed  o n  
i t s  g ly co sami nog l yca n  con ten t .   B as ed  on  the  ma s s  o f  pe r l eca n ’ s  
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cor e  p r o t e in  ( No ona n ,  Fu l l e  e t  a l .  1991 ;  Mur do ch ,  Dodg e  e t  a l .  
1992)  an d  the  ma s s  an d  numb er  o f  t he  g lyco sa minog lyc an  ch a in s  
( Do lan ,  Hor char  e t  a l .  1997 ;  T apan ad e chopo ne ,  Ha s se l l  e t  a l .  199 9 ;  
Gov indr a j ,  We s t  e t  a l .  2002) ,  pe r l ec an  can  b e  de t e r mine d  to  con ta in  
~20%  g lyc os amin og ly can .   T he  2  ng  o f  g lyco sami nog l yca n  on  
pe r l e can  ( F ig u r e  5 )  wou ld  t he n  co r r e sp ond  to  ~10  n g  o f  pe r l e ca n .   
E s t ima t ing  th e  mole cu l a r  ma ss  o f  p e r l e can  a s  ~6 00  kD a  and  FGF- 2  
as  ~1 7  kDa ,  10  n g  o f  pe r l e ca n  b ind i ng  to  35  ng  o f  FGF- 2  wo u ld  
co r r e spon d  to  a  max imum of  12 3  mole cu le s  o f  FGF- 2  p e r  mole cu l e  
o f  pe r l e can .  T h i s  wou l d  sup por t  t h e  o f t en - p r opo s ed  the o r y  o f  
pe r l e can  a c t in g  a s  a  s i nk  o r  r e s e r vo i r  f o r  g r owth  f a c to r s  i n  ca r t i l ag e  
and  o th e r  t i s su e  ( Av i eze r ,  H ech t  e t  a l .  1994 ;  I oz zo  19 94 ;  M ong i a t ,  
T ay lo r  e t  a l .  20 00 ;  D eguc h i ,  Oku t su  e t  a l .  2002) .  
P r ev iou s  wor k  h a s  sh own  th a t  he par in  can  e nhan ce  th e  d i r e c t  
b ind in g  o f  FGF- 2  to  t he  ce l l - su r f a ce  F GF  r ece p to r  ( Or n i t z ,  Yay on  e t  
a l .  1992) .   We co nf i r me d  th i s  h ep ar in - med ia t ed  e nha nce men t  o f  
FGF- 2  b ind i ng  to  FGF R- 1c  in  t he  c e l l - f r ee  immun opr e c ip i t a t i on  
as sa y  and  to  b o th  FGF R- 1c  and  FGF R- 3c  in  t he  BaF3  p r o l i f e r a t i on  
as sa y .   Whi l e  pu r i f i ed  p e r l e can  c ou ld  b ind  FGF- 2  in  b o th  t h e  CAF 
and  I P  a ss ay s ,  i t  d id  no t  me d ia t e  t he  F GF- 2  s t im u la t ion  o f  [ 3 H] -
thymid i ne  i n co r por a t ion  in  BaF3  ce l l s  expr e s s ing  FG FR- 1 c  o r  
FGFR- 3 c  ( F igu r e  1 1 ) .  Howe ver ,  pe r l ec an  tha t  h ad  be en  d i ge s t e d  
wi th  ch ondr o i t i na se  AB C to  r emo ve  ch ondr o i t i n  su l f a t e  c ha i ns  
s t imu l a t ed  inc o r por a t ion  in  t h i s  c e l l  l i ne .  I n  t he  FR AP I P  as sa y ,  
pu r i f i ed  p e r l e can  r e duc ed  th e  b ind i ng  o f  FGF- 2  to  i t s  r e ce p to r s ,  
seq ue s t e r i ng  the  F GF- 2  f r om the  FG FR  whi l e  pe r l ec an  th a t  had  b ee n  
d ige s t e d  wi th  c hondr o i t i n as e  AB C de l i ve r ed  mor e  FGF- 2  to  bo th  
FGFR- 1 c  and  FG FR- 3 c  ( F igu r e  1 0 ) .  T he  da t a  f r om b o th  t h e  FRAP 
and  the  BaF 3  r ec ep to r  a s say s  i nd i ca t e  t ha t  t h e  chon dr o i t i n  su l f a t e  
cha i ns  on  p e r l e can  i nh ib i t  de l i v e r y  o f  t he  boun d  FGF- 2  to  i t s  
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r ecep to r s .  T he s e  f i nd ing s  f u r th e r  i nd i c a t e  t h a t  pe r l ec an  mad e  
wi thou t  chon dr o i t i n  su l f a t e  c ha in s  c ou ld  de l iv e r  boun d  FGF- 2  to  t h e  
r ecep to r  wh i l e  pe r l ec an  mad e  wi th  cho ndr o i t i n  su l f a t e  ch a in s  wo u ld  
ac t  on l y  a s  a  s i nk  f o r  FGF- 2 .   
Pe r l ec an  ma de  by  th e  E HS tumor  a nd  b y  endo t he l i a l  ce l l s  o n ly  
have  h epar an  su l f a t e  ch a in s  t ha t  a r e  ~7 0kDa a nd  ~40 kD a in  s i ze ,  
r e sp ec t i ve l y  ( Ha ss e l l ,  Ro bey  e t  a l .  198 0 ;  Knox ,  M er r y  e t  a l .  2002) .  
Pe r l ec an  i so l a t ed  f r om th e  g r owt h  p l a t e  ha s  hep ar an  su l f a t e  ch a in s  
o f  20  -  22kDa  and  ch ondr o i t i n  s u l f a t e  cha i ns  o f  37  -  42k Da  ( W es t ,  
Gov indr a j  e t  a l .  2006)  an d  o f  t he  t o t a l  g lyco sa minog lyc an  p r e se n t ,  
75%  i s  ch ondr o i t i n  s u l f a t e  and  2 5%  i s  hepar an  s u l f a t e  ( Gov i ndr a j ,  
We s t  e t  a l .  20 02) .  T h i s  sugg es t s  t h a t  a ppr ox im ate l y  ha l f  o f  t h e  GAG 
cha i ns  on  g r owth  p l a t e  p e r l e can  wou ld  be  cho ndr o i t i n  su l f a t e  and  
ha l f  wou l d  be  h epar an  s u l f a t e .  T he  se r i ne  r es idu es  on  t he  co r e  
p r o t e in  o f  p e r l e can  th a t  s e r ve  t o  i n i t i a t e  GAG syn t he s i s  wer e  
de t e r mi ned  b y  expr es s in g  mur ine  cDN A cod in g  f o r  t he  dom ain s  o f  
pe r l e can  a s  r e combi nan t  p r odu c t s  i n  eu kar yo t i c  ce l l s  and  th en  
char a c t e r i z in g  the  p r o duc t s .  T he se  s tu d i e s  sho we d  tha t  t h e r e  a r e  
t h r ee  se r in es  i n  doma in  I  ( Co s t e l l ,  Ma nn  e t  a l .  199 7 ;  Do l an ,  Hor c har  
e t  a l .  1997 ;  Sas ak i ,  C os t e l l  e t  a l .  1998 )  and  two  se r in es  i n  d omai n  V  
( F r i ed r i ch ,  Go hr ing  e t  a l .  1999 ;  T apan ade chop one ,  H as se l l  e t  a l .  
1999)  t ha t  can  b e  s ub s t i t u t ed  wi t h  a  G AG ch a in .  T he  th r e e  s i t e s  i n  
domain  I  a r e  wi th i n  a  sp an  o f  12  amino  ac id s ,  w i th  e ach  s i t e  cap ab l e  
o f  r ece i v ing  e i t he r  a  h epar an  su l f a t e  c ha in  o r  a  c hondr o i t i n  su l f a t e  
cha i n  ( Do la n ,  Hor ch ar  e t  a l .  199 7) .   T he  two  g l yco sa minog lyc an  
s i t e s  i n  do main  V  a r e  sep ar a t ed  by  35 4  r es idu e s  bu t  an  ex t e ns i ve  
cys t e in e  r i ch  r e g ion  b e tw een  th e  two  s i t e s  wou ld  ac t  t o  b r i ng  the m 
c lo se r  t og e the r .   T he  N- t e r min a l  s i t e  i n  domain  V  on ly  r e ce iv e s  
chondr o i t i n  su l f a t e  ch a in s  bu t  t h e  C- t e r mina l  s i t e  c an  r e ce iv e  
hepar an  s u l f a t e .  T hes e  s equ enc es  f o r  G AG a t t achm en t  a r e  con s e r ved  
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i n  human s  ( a cc es s io n  numb er  NP_00 55 20)  and  bo v ine  ( XP _582 024)  
pe r l e can .  T ak i ng  a l l  t h i s  t o ge t he r ,  we  have  compo s ed  a  s t r uc t u r a l  
mode l  o f  a  t y p i c a l  bov i ne  g r o wth  p l a t e  pe r l ec an  mol ecu le  i nd i ca t ing  
the  l oc a t io n  and  r e l a t i v e  s i ze s  o f  t h e  two  type s  o f  GA G ch a in s  
( F igu r e  12 ) .  Our  da t a  s how th a t  t h e  p r es enc e  o f  t he  c hondr o i t i n  
su l f a t e  ch a in s  on  p e r l e can  i so l a t ed  f r o m the  g r owt h  p l a t e  p r ev en t s  
de l iv e r y  o f  t he  b ound  FGF- 2  to  t he  r e c ep to r .  We p r o po se  t h a t  t he  
l a r ge r  s i z e  o f  t he se  C S  cha ins  coup led  wi th  t he i r  p r ox imi t y  t o  t he  
hepar an  s u l f a t e  ch a in s  cou l d  s t e r i c a l l y  h inder  t h e  t r an sf e r  o f  t he  
HS- boun d  FGF- 2  to  t h e  r ec ep to r  ( F igu r e  12 ) .  T h i s  s ugg es t s  t h a t  
pe r l e can  c on t a in in g  chon dr o i t i n  su l f a t e  cha i ns  cou ld  ac t  on ly  a s  a  
r e se r vo i r  f o r  FGF- 2  wh i l e  p e r l ec an  wi t h  hepar an  s u l f a t e  on ly  cou ld  
ac t  t o  d e l iv e r  FGF- 2  to  FGF  r e cep t o r s ;  t he r e f o r e  t he  ad d i t i o n  o f  
chondr o i t i n  su l f a t e  t o  p e r l ec an  wo u ld  de t e r mi ne  i t s  r o l e  a s  a  s ink  
f o r  FGF- 2  in  t he  g r o wth  p l a t e  ma t r ix .  T he  degr a da t i on  o f  pe r l ec an  in  
t he  hyp er t r oph ic  zo ne  o f  t h e  g r owth  p l a t e  ( W est ,  Go v indr a j  e t  a l .  
2006)  co u ld  a l so  r e l ea se  t h i s  b ound  F G F- 2  to  p r omote  en t r y  o f  
vas cu l a tu r e  n ec es s a r y  t o  miner a l i ze  t h e  mat r ix  i n  t h i s  z one .   
FGFR- 1  a nd  FGF R- 3  a r e  d i r ec t  r e gu l a t o r s  o f  cho ndr o cy te  
p r o l i f e r a t i on  a nd  d i f f e r en t i a t i on  ( Or n i t z  and  L ed er  1992) .  T he  
k ina se  do main s  o f  t h es e  two  r e cep to r s  have  v e r y  s imi l a r  a c t i v i t i e s  i n  
l ong  bon e  g r owt h  whe n  expr es s ed  in  g r owth  p l a t e  c hondr o cy t es .  T he  
d i f f e r en ce s  s een  i n  ou r  r ec ep to r  s tud i e s  cou ld  be  du e  to  t h e  d i f f e r e n t  
con s t r uc t s  u se d ;  i n  t he  im muno pr ec i p i t a t i on  a s say ,  t h e  r ec ep to r s  a r e  
t r unca t ed  by  u s i ng  on ly  t he  ex t r ac e l lu l a r  domai n  f us ed  to  a l ka l in e  
phos pha ta se ,  wh er ea s  i n  t h e  B aF3  a ss a y ,  t he  f u l l - l en g th  r e cep t o r  i s  
u se d .  Al s o ,  con s id e r ing  th e  d i f f e r e n t i a l  e f f ec t s  o f  hep ar in  on  t he  
two  r ec ep to r s ,  hep ar in  i s  know n  to  be  cap ab le  o f  b o th  s t imu l a t ing  
and  inh i b i t i n g  the  b i nd ing  o f  FG F- 2  to  FGF  r ecep to r s  t o  a f f ec t  ce l l  
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ac t iv i t y  ( Go spo dar o wic z ,  Fe r r a r a  e t  a l .  1987 ;  Go spo dar o wic z ,  
Neuf e ld  e t  a l .  19 87) .   
S imi l a r ly  v a r i ed  i n t e r ac t io ns  o f  p e r l e c an  and  F GF- 2  wi th  
FGFR s hav e  be en  s ee n  in  wor k  do ne  by  o the r  r es ea r cher s .  Kno x  e t  
a l . ,  2002 ,  f ound  th a t  t he  BaF 3  ce l l  sy s t em r es pon se  w as  d i f f e r en t  
depe nd ing  n o t  on ly  o n  the  sou r ce  o f  t h e  pe r l e can  b u t  a l so  on  w h ic h  
FGFR th e  ce l l s  e xpr e s sed .  Pe r l ec an  ma de  by  hum an  umbi l i c a l  
a r t e r i a l  endo the l i a l  c e l l s  ( HUAE C)  and  by  a  con t i nuou s  en do th e l i a l  
ce l l  l i n e  ( C1 1  ST H)  s t im u la t ed  FGF- 2- med ia t ed  p r o l i f e r a t i on  o f  
BaF3  ce l l s  ex pr e ss i ng  FGF R- 1c .  I n  co n t r as t ,  c e l l s  expr es s in g  FGF R-
3  wer e  s t imu l a t e d  to  p r o l i f e r a t e  o n ly  b y  HUAE C p er l e can .  A na ly s i s  
o f  t he  g ly cos amin og ly can  ( G AG)  ch a in s  on  th e  pe r l e ca n  f r om the se  
two  ce l l  t ype s  show ed  th a t  t he  GAG s f r om the  HU AE C per l ec an  
cou ld  b e  en t i r e ly  d i ge s t e d  wi th  h epar i n as e ,  wh i l e  a  po r t i on  o f  t he  
GAG s on  th e  C11  ST H p er l e can  w a s  r e s i s t an t  t o  hep ar ina s e .  T hes e  
non- he par a n  su l f a t e  G AG s may  b e  b lo c k ing  the  d e l iv e r y  o f  t he  
bound  FGF- 2  to  FGFR- 3 .  
T he  f i nd ing s  o f  ou r  s tudy  a r e  co ns i s t e n t  wi th  t h e  phen o typ e  o f  
t he  pe r l ec an  nu l l  mo us e ,  wh i ch  sh ow s r educ ed  I nd i an  he dge hog  
expr e s s ion  a nd  r ed uce d  p r o l i f e r a t i o n  o f  chondr o cy te s  i n  t h e  g r ow th  
p l a t e  ( Ar i kaw a- Hi r as aw a ,  Wata nab e  e t  a l .  1999) .   I n  con t r a s t  t o  t he  
FGFR- 3  in  BaF3  ce l l s  an d  in  mo s t  o th e r  ce l l  t yp es ,  FGF R- 3  i s  a  
nega t ive  r e gu la to r  o f  cho ndr oc y te  p r o l i f e r a t i o n  in  t he  g r o wth  p l a t e  
( Co lv i n ,  Bohn e  e t  a l .  19 96 ;  Or n i t z  an d  Mar i e  2 002) .   T ha t  i s ,  w hen  
the  r ec ep to r  i n  g r owth  p l a t e  chon dr ocy tes  i s  ac t i va t ed  b y  bound  
FGF ,  i t  i nh ib i t s  I nd i an  he dge hog  ex pr e ss ion ,  and  p r o l i f e r a t i on  i s  
p r eve n ted .  I n  t h i s  s t udy ,  w e  hav e  sh ow n  tha t  t h e  hep ar an  su l f a t e  on  
g r owth  p l a t e  p e r l e can  b i nd s  FGF- 2 .  Ou r  da t a  a r e  a l s o  con s i s t e n t  
wi th  t he  chon dr o i t i n  su l f a t e  on  p e r l e ca n  inh ib i t i ng  FGF- 2  d e l iv e r y  
t o  i t s  r e cep t o r .   Pe r l ec an  in  t h e  g r owth  p l a t e  wo u ld  b e  ac t i ng ,  a s  
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pr ev iou s l y  p r opo se d  ( Ar ika wa- Hi r as aw a ,  Wata nab e  e t  a l .  19 99) ,  t o  
seq ue s t e r  FGF- 2  aw ay  f r om FGF R- 3  an d  a l l ow c hondr ocy t e  
p r o l i f e r a t i on  to  o ccur .  I t  sh ou ld  b e  no t ed  tha t  a  r ec en t  s tudy  ( Kv i s t ,  
John so n  e t  a l .  20 06)  sh owe d  tha t  t h e  c hondr o i t i n  su l f a t e  cha in s  o f  
pe r l e can  c an  b i nd  to  co l l ag en .  T h i s  i n t e r ac t i on  wi t h  co l l age n  wou l d  
l i ke ly  enha nc e  the  seq ue s t r a t i on  o f  t he  g r owth  f ac to r  ( boun d  to  
pe r l e can )  a way  f r om i t s  r e cep t o r  i n  t he  g r owth  p l a t e .  
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F igure s  
Figure 5. 
Bind i ng  o f  [
1 2 5
I ] - FGF- 2  to  pe r l e ca n  in  t he  ca t i on i c  f i l t r a t i on  ( C AF)  
as sa y .   [
1 2 5
I ] - FGF- 2  ( 0 . 086  –  44  nM;  0 . 293  –  150  ng / t ube)  w a s  
adde d  to  t ub es  wi thou t  ( )  o r  wi th  pe r l eca n  ( 10  ng  G AG/ml ;  2  n g  
GAG/ t ube ,   ) .   Af t e r  i ncub a t io n  f o r  1  h ,  t he  sa mple s  w er e  f i l t e r ed  
ac r o ss  t he  c a t i on i c  mem br an e  and  th e  c oun t s  r e t a i ned  o n  the  f i l t e r  
wer e  d e t e r mi ned .   F r om the  sp ec i f i c  ac t i v i t y  t h a t  wa s  de t e r min ed  f o r  
t he  l ab e l e d  FGF- 2 ,  t he  n anogr am am ou n t s  o f  FGF- 2  co r r e spon d ing  
to  t he  bou nd  co un t s  wer e  ca l cu l a t ed  an d  a r e  sh own .  Af t e r  
sub t r ac t i ng  ba ckgr o und  b in d ing  o f  FG F- 2  to  t he  Z e t a  P r o be  
membr a ne ,  t he  spe c i f i c  b ind in g  i s  a l s o  i nd i ca t ed  ( ) .  T he  ad d i t i on  
o f  pe r l e can  s ign i f i ca n t ly  i n c r ea s ed  [
1 2 5
I ] - FGF- 2  r e t en t i on  a t  a l l  
conc en t r a t i on s  t e s t ed  ( p<  0 . 04 ,  p a i r ed  t - t e s t ) .  A l l  d a t a  p o in t s  ha ve  
e r r o r  ba r s  r e p r e sen t ing  ±  S . E . M.  
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F igure  6 .  
E f f ec t  o f  chon dr o i t i na se  o r  he par i t i na s e  p r e t r e a tme n t  o f  pe r l eca n  on  
spe c i f i c  b ind in g  o f  [
1 2 5
I ] - FGF- 2  in  t he  CAF a ss ay .   Per l e can  w a s  
e i t he r  l e f t  und i ge s t e d  ( U) ,  o r  d ige s t ed  sep ar a t e ly  wi t h  e i t h e r  
chondr o i t i n as e  AB C ( C)  o r  a  mi x tu r e  o f  hepar i t i na se s  I  and  I I  ( H) .  
Af t e r  i nc uba t ion  o f  pe r l ec an  ( 10  ng / ml ;  2  ng / tub e)  f o r  1  h  wi th  
[
1 2 5
I ] - FGF- 2  ( 20  ng /ml ;  4  ng / t ube) ,  t he  sampl e s  wer e  f i l t e r e d  ac r o s s  
t he  ca t i on i c  membr an e  and  th e  cou n t s  r e t a in ed  on  th e  f i l t e r  w er e  
de t e r mi ned .   E qu iv a l e n t  b ind i ng  o f  und ige s t ed  and  g ly co s id as e -
t r ea t e d  pe r l ec an  to  t he  ca t i on i c  m embr ane  w as  conf i r m ed  by  
immunob lo t t i n g  the  m embr a ne .  Hep ar i t i na se  d ig es t i on  o f  p e r l e can  
s ign i f i ca n t ly  r e duc ed  [
1 2 5
I ] - FGF- 2- per l eca n  b ind i ng  ( p=  0 . 00 3 ,  
pa i r ed  t - t e s t ) .  E r r o r  ba r s  r ep r e s en t  ±  S . E . M.  
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F igure  7 .  
E f f ec t  o f  chon dr o i t i n  su l f a t e  o r  h epar a n  su l f a t e  on  spe c i f i c  F GF- 2  
b ind in g  in  t he  CAF a s say .   Pe r l e ca n  ( 40  ng /ml ,  8  ng / tu be)  w as  
i ncub a te d  in  t ub es  c on ta in ing  0  -  10 00  ng /ml  ( 0  -  200  ng / t ube)  
chondr o i t i n  su l f a t e  C  ( CSC,   )  o r  bov ine  k idn ey  HS  ( ) .   
Fo l lowi ng  the  add i t i on  o f  5ng / ml  ( 1  ng / tube)  o f  [
1 2 5
I ] - FGF- 2 ,  
sam ple s  wer e  i ncu ba t ed  f o r  1  h ,  f i l t e r e d ,  and  sp ec i f i c  b ind ing  o f  
[
1 2 5
I ] - FGF- 2  de t e r min ed .  R es u l t s  a r e  t he  mea ns  o f  d up l i ca t e  
de t e r mi na t i on s .  
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F igure  8 .  
 
B ind i ng  o f  [
1 2 5
I ] - FGF- 2  to  pe r l e ca n  in  t he  immun opr e c ip i t a t i o n  ( I P )  
a s sa y .  Pe r l ec an  a nd  [
1 2 5
I ] - FGF- 2   ( 1  µg /10 6  cpm)  w er e  mix ed  an d  
a l i quo t s  c on t a in in g  25 - 500  n g  o f  pe r l e can  w er e  immu nopr e c ip i t a t ed  
wi th  p r o t e in  G  be ad s  a f t e r  i ncu ba t io n  i n  t he  ab se nc e  o f  se r u m,  o r  
wi th  an t i s e r a  t o  p e r l e can  o r  a ggr e can .  Af t e r  wa sh i ng  to  r emo ve  
unboun d  [
1 2 5
I ] - FGF- 2 ,  t he  amo un t  o f  [
1 2 5
I ] - FGF- 2  r e l ea se d  f r om the  
bead s  by  2  M so d ium c h lo r id e  ( A)  and  the  [
1 2 5
I ] - FGF- 2  r emai n ing  on  
the  be ad s  ( B)  wa s  me as u r ed .  [
1 2 5
I ] - FG F- 2  e lu t e d  by  2  M sod i um 
ch lo r id e  wa s  s ign i f i can t ly  g r e a t e r  f o r  pe r l e can  v e r s us  a ggr e can  
an t i se r a - t r ea t ed  sampl e s  a t  e ach  c onc e n t r a t i on  o f  p e r l e can  u s ed  ( p<  
0 . 05 ,  pa i r ed  t - t e s t ) .   A l l  da t a  p o in t s  ha ve  e r r o r  ba r s  r ep r e s en t in g  ±  
S . D .   
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F igure  9 .  
 
E f f ec t s  o f  c hondr o i t i n as e  and  h ep ar i t i n as e  p r e t r e a tm en t  o f  pe r l ec an  
on  [
1 2 5
I ] - FGF- 2  b ind ing  u s in g  the  I P  a ss ay .   Pe r l e can  ( 1 25  ng )  wa s  
e i t he r  l e f t  und i ge s t e d  ( U) ,  d ige s t ed  wi t h  chondr o i t i n as e  AB C ( C) ,  
d ige s t e d  wi th  a  mi x tu r e  o f  h epar i t i na s e s  I  and  I I  ( H)  o r  d ige s t e d  
wi th  bo th  chon dr o i t i n a se  an d  hep ar i t i n as es  ( C+H) ,  i n cuba ted  w i th  
10 5  cpm o f  [
1 2 5
I ] - FGF- 2  and  imm unopr ec ip i t a t ed  us ing  no n- immun e  
se r um o r  p e r l e can  an t i se r um and  p r o t e i n  G  bead s .   Af t e r  w as h ing  to  
r emove  u nbou nd  [
1 2 5
I ] - FGF ,  t he  amo un t  o f  [
1 2 5
I ] - FGF- 2  r e l ea sed  
f r om the  be ad s  by  2  M sod i um ch l o r ide  was  m ea su r e d .  Hepar i t i na s e  
and  ch ondr o i t i na se  +  hep ar i t i n as e  t r e a t men t s  o f  pe r l e ca n  
s ign i f i ca n t ly  r e duc ed  the  amoun t  o f  [
1 2 5
I ] - FGF- 2  r e l ea se d  f r om the  
bead s  by  2  M so d ium c h lo r id e  ( p<  0 . 02 ,  pa i r ed  t - t e s t ) .  E r r o r  ba r s  
r ep r e sen t  ±  S . D .  
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F igure  10 .  
Bind i ng  o f  FGF2  to  so lu b le  FGF R- 1 c  a nd  FGFR- 3 c .  I od in a t ed  F GF2  
was  add ed  to  FR AP- co nd i t i oned  m ed iu m.  Hepar in ,  p e r l ec an  o r  
chondr o i t i n as e - d ig es t ed  p e r l e can  w a s  a l so  a dded  i n  con cen t r a t i o ns  
r ang ing  f r om 0  t o  2 . 5µg  GA G/ml .  T he  r ecep to r s  wer e  
immunopr ec i p i t a t ed  wi t h  an t i - a lk a l in e  phos pha ta se  a n t ibo dy  and  
P r o t e in  G  Se phar os e  and  t he  am oun t  o f  l abe l ed  FGF2  b ound  to  t he  
bead s  d e t e r min ed  in  a  g amm a cou n te r .  A l l  da t a  po in t s  h ave  e r r o r  
ba r s  r e p r e sen t ing  ±  S . E . M.  
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F igure  11 .  
Hepar in  and  p e r l e can  augm en t a t ion  o f  [ 3 H] - thymid in e  i nc o r por a t ion  
in to  FGF- 2  t r e a t e d  BaF 3  ce l l s .   B aF3  c e l l s  expr e s s ing  e i t h e r  FGFR-
1c  ( pa r t  A)  o r  FGF R- 3c  ( p a r t  B)  wer e  t r ea t e d  wi th  20 0  pM F GF- 2  
and  0–5  µg /ml  o f  e i t h e r  hep ar in ,  pe r l e can ,  ch ondr o i t i na se  AB C 
d ige s t e d  pe r l e ca n  ( pe r l e ca n>pf A B C)  o r  chondr o i t i na s e  AB C d ig es t ed  
chondr o i t i n  su l f a t e  ( CS C> pf AB C)  an d  then  r ad io l a be l ed  wi th  [ 3 H] -
thymid i ne  t o  d e t e r mi ne  p r o l i f e r a t i on  r a t e s .  A l l  da t a  po in t s  h ave  
e r r o r  ba r s  r e p r e sen t ing  ±  S . D .  
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F igure  12  
 
Hypo th e t i ca l  mo de l  o f  FGF- 2  b ind in g  t o  pe r l e can  a nd  de l ive r y  t o  
FGF  r ece p to r .   ( A)  Per l ec an  wi th  hep ar an  and  chon dr o i t i n  su l f a t e  
cha i ns  c an  b in d  FGF- 2  bu t  t he  ch ondr o i t i n  su l f a t e  cha i ns  p r eve n t  
de l iv e r y  o f  boun d  FGF- 2  to  t h e  FGF  r e cep t o r .   ( B)  Per l ec an  wi th  
on ly  he par a n  su l f a t e  cha i ns  c an  b i nd  F GF- 2  and  d e l iv e r  i t  t o  t he  
r ecep to r .  
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Abst r act  
 
Fib r ob la s t  g r o wth  f a c to r - 18  ( FGF- 18)  r egu l a t e s  t he  g r o wth  
p l a t e  chon dr ocy te  p r o l i f e r a t i on ,  hyp er t r ophy  an d  ca r t i l ag e  
vas cu l a r i z a t i on  n ec es sa r y  f o r  endo cho ndr a l  o ss i f i ca t i on .  T he  
hepar an  s u l f a t e  p r o t e og ly can  p e r l e can  i s  a l so  c r i t i ca l  f o r  g r owth  
p l a t e  chon dr ocy te  p r o l i f e r a t i on .  FGF- 1 8  nu l l  m ic e  exh i b i t  s ke l e t a l  
dwar f i sm s i mi l a r  t o  t h a t  o f  pe r l ec an  nu l l  m ice .  Gr o wth  p l a t e  
pe r l e can  c on t a in s  cho ndr o i t i n  su l f a t e  ( CS)  and  h epar an  s u l f a t e  ( HS)  
cha i ns  a nd  FGF- 18  i s  kn own  to  b i nd  to  hepar in  and  to  h epar an  
su l f a t e  f r om s ome sour ce s .  We u sed  ca t ion i c  f i l t r a t i o n  and  
immunopr ec i p i t a t i on  a s say s  t o  i n ve s t i g a t e  t h e  b ind i ng  o f  FGF- 18  to  
g r owth  p l a t e  p e r l e can .  Our  d a t a  sho we d  a  sa t u r ab l e  b ind ing  wi t h  a  
k d  o f  144  nM.  N ear  s a tu r a t i on ,  ~1 03  m olec u le s  o f  FGF- 18  b ound  p e r  
molec u le  o f  p e r l ec an .  T h i s  b ind i ng  wa s  no t  s ign i f i can t ly  a l t e r ed  b y  
chondr o i t i n as e  no r  he par i t i na se  d i ge s t i on  o f  pe r l e can ,  i n d i c a t ing  
tha t  pe r l ec an  GA Gs a r e  no t  i nvo lv ed  in  FGF- 18  b ind i ng .  FGF- 18  
bound  e qua l ly  t o  r e combi nan t  d omai ns  I - I I I  o f  pe r l ecan  ( Al t 1 )  
expr e s sed  in  COS- 7  ce l l s  an d  to  f u l l - l e ng th  pe r l ec an  pu r i f i ed  f r om 
the  g r owt h  p l a t e .  Add i t i on a l ly ,  FGF- 18  bound  eq ua l l y  t o  
r ecomb inan t  doma in  I I I  o f  pe r l ec an ,  t o  Al t1  and  to  Al t2  ( a  v a r i an t  
o f  domain s  I - I I I  w i th  no  h epar an  s u l f a t e ) .  T hese  d a t a  i nd i c a t e  t ha t  
l ow a f f in i t y  b ind i ng  s i t e s  f o r  FGF- 18  a r e  p r es en t  i n  d omai n  I I I  o f  
pe r l e can .  
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   In t roduct ion  
 
Per l ec an  i s  a  l a r g e  ( ~600  k Da)  h epar an  su l f a t e - co n ta i n ing  
p r o t eog lyc an  p r e se n t  i n  a l l  m amma l i an  bas emen t  membr ane s  
( Has s e l l ,  Rob ey  e t  a l .  1980 ;  I o zzo  2 00 5) ,  i n  ca r t i l a ge  ( Sun dar R a j ,  
F i t e  e t  a l .  19 95 ;  H and l e r ,  Yur ch enc o  e t  a l .  1997)  an d  in  t he  g r o wth  
p l a t e  ( G ov in dr a j ,  We s t  e t  a l .  2002) .  Pe r l eca n  i s  e s sen t i a l  f o r  l on g  
bone  g r o wth .  T he  ab s enc e  o f  pe r l eca n  in  mice  r e su l t s  i n  d e f e c t iv e  
endo chon dr a l  o ss i f i c a t i on  ( t h e  p r oc es s  by  wh ich  l ong  bo ne s  g r ow)  
du r ing  em br yon i c  dev e lo pmen t  ( Ar ika wa- Hi r as awa ,  W ata nab e  e t  a l .  
1999 ;  C os t e l l ,  Gu s t a f s son  e t  a l .  199 9) .  T he  chondr ocy t es  i n  t he  
g r owth  p l a t e  o f  p e r l e can  nu l l  m ic e  exh ib i t  de c r ea se d  p r o l i f e r a t i o n  
and  mat r i x  dep os i t i on ,  wh i ch  l e ad s  t o  sev er e  f e t a l  dw ar f i s m.  
S i lve r ma n- Ha ndma ker  dy s seg men t a l  dy sp l as i a  ( DDS H) ,  wh ich  
r esu l t s  f r om a  f u nc t i ona l  n u l l  mu t a t ion  o f  t he  pe r l e ca n  gen e  
( Ar ikaw a- Hi r a s awa ,  Wi l co x  e t  a l .  200 1 ;  Ar ikaw a- Hi r a s awa  and  
Yama da  20 01)  i s  a n  an a logo us  d i so r de r  i n  human s .  Schw ar t z - Jam pel  
syndr ome ( S JS )  i n  huma ns  i s  t ho ugh t  t o  r esu l t  f r om p r odu c t ion  o f  
t r unca t ed  ( o r  r ed uce d  l ev e l s  o f  f u l l - l en g th )  pe r l e ca n  ( Nico le ,  
Davo i ne  e t  a l .  2000) ,  w i th   p a t i e n t s  sh owing  v a r y ing  d egr e e s  o f  
dwar f i sm an d  sk e l e t a l  ab nor mal i t i e s  t h a t  mi r r o r  t ho se  o f  DDS H 
pa t i e n t s  b u t  a r e  l e s s  sev er e .  
F ib r ob la s t  g r o wth  f a c to r  r ec ep t o r - 3  ( FGFR- 3)  i s  a  ce l l  su r f ac e  
r ecep to r  expr es s ed  in  de ve lo p ing  g r o w th  p l a t e  ca r t i l ag e  ( Wan g ,  
Gr een  e t  a l .  2001) .  G a in  o f  f un c t ion  m uta t io ns  i n  t he  hum an  FGF R- 3  
gene  cau se  d war f i sm s  su ch  a s  a chon dr op la s i a  ( Sh i ang ,  T hom pso n  e t  
a l .  1994) ,  t ha na to phor i c  dys p la s i a  ( T avor mina ,  R imoin  e t  a l .  1995) ,  
and  hyp och ondr op la s i a  ( W in te r p ac h t ,  H i lbe r t  e t  a l .  2000) .  
Ac t iv a t in g  muta t i on s  i n  mur in e  FGFR- 3  a l s o  cau s e  dwar f i sm ( N ask i ,  
Co lv i n  e t  a l .  199 8 ;  Wa ng ,  Spa t z  e t  a l .  1999 ;  I w a ta ,  Ch en  e t  a l .  
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2000) .  Whe n  FGF R- 3  expr es s io n  in  t he  g r owth  p l a t e  o f  mic e  i s  l o s t ,  
t he r e  i s  i nc r ea sed  chon dr ocy te  p r o l i f e r a t i on  a nd  hyp er t r oph y  
r esu l t i ng  in  o ver g r o wth  o f  l on g  bone s  ( Co lv i n ,  Bohn e  e t  a l .  19 96 ;  
Deng ,  Wy ns haw- Bor i s  e t  a l .  1996) .  T h i s  i nd i ca t es  t ha t  FGF R- 3  i s  a  
nega t ive  r e gu la to r  o f  cho ndr oc y te  p r o l i f e r a t i o n .  
F ib r ob la s t  g r o wth  f a c to r s  ( FGFs)  a r e  t he  end oge nou s  l i ga nd s  
f o r  FGFR s.  FGFs- 2 ,  - 9  an d  - 18  hav e  be en  sh own  to  i n f luen ce  
chondr ocy t e  p r o l i f e r a t i o n  in  t he  d ev e l op ing  g r o wth  p l a t e  a nd  
sub se que n t ly  i n f lu en ce  lon g  bon e  g r ow th .  T he  FGF- 2  kno ckou t  
mous e  ha s  no  sev er e  de f ec t  i n  bone  l en g th  ( Mon te r o ,  Ok ada  e t  a l .  
2000)  wh er ea s  ov er - ex pr e ss i on  o f  FGF - 2  in  t he  FGF- 2  t r a ns gen i c  
mous e  r e su l t s  i n  s ho r t  l imb s ,  i nd i ca t i n g  tha t  FGF- 2  c an  a c t  t h r ou gh  
FGFR- 3  ( C of f in ,  F lo r k i ewic z  e t  a l .  19 95 ;  M anc i l l a ,  De  L u ca  e t  a l .  
1998) .  Bo t h  t he  FGF- 9  t r an sge n ic  mo u se  a nd  the  F GF- 18  kno cko u t  
mous e  sh ow sev er e  ab nor mal i t i e s  i n  l o ng  bone  g r owth  ( G ar o f a l o ,  
K l ige r - Sp a tz  e t  a l .  199 9 ;  L iu ,  Xu  e t  a l .  2002 ;  Ohb ay as h i ,  Sh iba yam a 
e t  a l .  2002) ,  bu t  i t  i s  t h e  FGF- 18  nu l l  mous e  t ha t  exh i b i t s  a  g r owt h  
p l a t e  p hen o typ e  s imi l a r  t o  t h a t  o f  t he  FGFR- 3  nu l l  mou se  ( i n  t h e  
i nc r e as e ,  a l t ho ugh  t r a ns i en t ,  i n  c hondr ocy t e  p r o l i f e r a t i on  and  in  
en l a r g ed  g r o wth  p l a t e s  ( L iu ,  Xu  e t  a l .  2002 ;  Oh bay a sh i ,  Sh ib ayam a 
e t  a l .  2002) ) .  FGF- 1 8  ha s  a  t h r e e - t i e r e d  impor t an ce  i n  l ong  bo ne  
g r owth ,  a f f e c t i n g  chon dr og ene s i s  by  s i gna l in g  th r oug h  FGF R- 3  
( Dav id so n ,  Blan c  e t  a l .  2005) ,  o s t eog e nes i s  by  s ig na l i ng  th r ou gh  
FGFR- 1  a nd /o r  FGF R- 2  ( L iu ,  Xu  e t  a l .  2002 ;  Ohb ay as h i ,  Sh iba yam a 
e t  a l .  2002) ,  an d  g r owt h  p l a t e  va sc u la r i za t i on  by  r eg u la t i ng  va s cu la r  
endo t he l i a l  g r owt h  f ac t o r  ( VE GF)  ( L iu ,  L av ine  e t  a l .  20 06) .  FGF- 18  
i s  mad e  by  th e  dev e lop ing  pe r i cho ndr i um,  t he  r eg io n  o f  conn ec t ive  
t i s sue  t h a t  su r r oun ds  t h e  dev e lo p ing  g r owth  p l a t e  ( L iu ,  Xu  e t  a l .  
2002 ;  Oh bay a sh i ,  Sh ib ayam a e t  a l .  20 0 2) .  
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Al l  FGF s  b ind  to  h epar i n  ( As h ikar i - Ha da ,  Habu ch i  e t  a l .  2004)  
and  he par in  h as  b ee n  sh own  to  e nha nce  the  b ind i ng  o f  FGF’ s  t o  
FGFR’ s  ( Or n i t z  and  L ed er  1992) .  H epa r an  su l f a t e  ( HS) ,  a  s t r uc tu r a l  
ana l ogue  o f  h epar i n ,  i s  p r e s en t  on  g r o wth  p l a t e  pe r l ec an  a t  bo th  
end s  ( domai ns  I  a nd  V)  o f  t he  c o r e  p r o t e in  ( Noo nan ,  Fu l l e  e t  a l .  
1991 ;  T ap ana de chop one ,  H as se l l  e t  a l .  1999) .  We h ave  sho wn  tha t  
pe r l e can  b i nd s  FGF- 2  v i a  t he se  HS  cha ins  a nd  ca n  med i a t e  t h e  
de l iv e r y  o f  FGF- 2  to  FGF R- 1  a nd  FGF R- 3  ( Smi th ,  We s t  e t  a l .  2006) .  
FGF- 18  i s  k now n  to  b ind  p r e f e r e n t i a l l y  t o  2 - O- su l f a t ed  HS  
( Ash i kar i - H ada ,  H abu ch i  e t  a l .  2004) .  T he  HS  on  g r owt h  p l a t e  
pe r l e can  i s  2 - O-  an d  6 - O- su l f a t ed  ( W e st ,  Gov i ndr a j  e t  a l .  2006)  so ,  
i n  add i t i on  to  b in d ing  FG F- 2 ,  t he  HS  o n  pe r l e can  mi gh t  a l so  b i nd  
FGF- 18 .  No t  a l l  HS ,  howe ver ,  ha s  t he  seq uen ce  o r  su l f a t i on  pa t t e r n  
nec es sa r y  t o  b ind  to  F GF- 18  ( Kn ox ,  M er r y  e t  a l .  200 2) .  I n  t h i s  
s t ud y ,  we  t e s t  FGF- 1 8  a s  a  po t en t i a l  b i nd ing  p a r tne r  o f  g r o wth  p l a t e  
pe r l e can .   
 
 
 
Expe r im ent a l  P roc edur es  
 
Sourc es  o f  pe r l ecan  D NA,  per l ec an  p rot e in ,  gr owt h  f ac t o r s  and  
ant ibod ie s .  
cDNA con s t r u c t s  enc od ing  f o r  p e r l e ca n  domain  I - I I I  and  f o r  do main  
I I I  wer e  ob t a ined  f r om p r ev io us  w or k  ( Cha kr av ar t i ,  Hor ch ar  e t  a l .  
1995 ;  Do lan ,  Hor char  e t  a l .  1997) .  L ar ge- s ca l e  p l a smi d  p r ep s  wer e  
p r epar ed  u s ing  th e  E ndo- f r e e  P l a smid  Max i  Ki t  ( QI AGE N)  and  
con s t r uc t s  w er e  ve r i f i ed  u s in g  r es t r i c t i on  endo nuc l ea se s .  
Rec ombin an t  h uman  f ib r ob la s t  g r o wth  f ac to r - 18  ( F GF- 18)  wa s  
pu r ch as ed  f r om Pepr oT ech .  Pu r i f i ed  bo v ine  g r o wth  p l a t e  p e r l ec an  
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( Gov indr a j ,  We s t  e t  a l .  2002)  a nd  an t i  mous e  pe r l ec an  an t i body  
Ab378  ( W e st ,  Gov in dr a j  e t  a l .  2006)  w er e  p r ep ar ed  as  p r ev iou s l y  
des c r ib ed .  
 
Tran sf e c t ion .  
High  g lu co se  ( 4 . 5  g /L )  D ME M ( F i sher  Sc i en t i f i c )  w as  supp lem en te d  
to  10%  f e t a l  b ov in e  s e r um,  1%  an t ib io t i c s  ( p en ic i l l i n - s t r e p tomy cin )  
and  2%  g lu t amin e  and  u s ed  a s  ou r  g r o wth  med i um to  cu l tu r e  COS- 7  
ce l l s  i n  100  mm ce l l - cu l tu r e  d i she s  ( F i sher  S c i en t i f i c ) .  
L ipo f ec t amin e  2000  ( L 20 00 ,  I nv i t r og e n)  was  u s ed  to  t r an sf e c t  
conf lu en t  C OS- 7  c e l l s  ac co r d in g  to  t he  manuf a c tu r e r ’ s  d i r e c t i on s .  
Br i e f ly ,  t h e  ce l l s  w er e  r i n se d  wi th  se r u m-  and  an t i b io t i c - f r ee  g r o wth  
med ium ( our  “ t r an sf e c t io n  med i um”) .  Fo r  t he  con s t r u c t s  Al t1  
( domain s  I - I I I )  and  Al t2  ( d omai ns  I - I I I  made  wi t hou t  h epar an  
su l f a t e ) ,  ce l l s  w er e  t r a nsf ec t ed  wi t h  12  µg  o f  DNA us ing  45  µ l  o f  
L 2000  in  15  ml  o f  t r a nsf ec t i on  med ium .  For  t he  domain  I I I  
con s t r uc t ,  c e l l s  wer e  t r an sf e c t ed  wi th  18  µg  o f  DNA u s in g  45  µ l  o f  
L 2000 .  T he  ce l l s  w er e  c u l tu r e d  a t  37 º C /5%  CO 2  f o r  5h ,  t hen  cha nge d  
to  g r owth  m ed ium f o r  a no th er  16 - 18h .  T he  t r an sf ec t ed  c e l l s  wer e  
t hen  f u r th e r  cu l t u r ed  in  15  m l  o f  f r esh  t r ansf ec t i on  me d ium an d  
ha r ve s t ed  a f t e r  4 8h .   
 
P uri f y ing  R ecom bin ant  P roduct s .  
T he  48h  me d ia  f r om t r a nsf ec t ed  C OS- 7  ce l l s  wer e  r econ s t i t u t e d  t o  4  
M gua n id in e  H Cl  by  the  add i t i on  o f  0 . 5  g  o f  guan id ine  H Cl /m l  o f  
med ia .  T he  m ed ia  wer e  t hen  sp in  c onc en t r a t ed  t o  l e s s  t ha n  2  ml  and  
f r ac t i on a t e d  on  4  M g uan i d in e  HCl - equ i l i b r a t ed  Sup er os e  6  co l umn s  
( GE  Hea l t hca r e ) .  Fo r ty  3  ml  f r ac t i on s  ( 1 . 2  co lumn v o lum es)  w er e  
co l l e c t e d ,  t hen  1  µ l  o f  e ach  f r a c t i o n  w as  do t t ed  u n to  n i t r o ce l lu lo se  
membr a ne  ( Bi o - R ad)  and  imm unob lo t t e d  f o r  pe r l ec an  u s ing  Ab378 .  
 89 
Per l ec an - po s i t i ve  f r a c t i on s  w er e  d i a lyz ed  ag a in s t  d i s t i l l ed  wa te r  an d  
18  µ l  a l i qu o t s  o f  t he  f r ac t i on s  wer e  r u n  on  SDS- PAGE .  F r ac t ion s  
f r om the  Al t1  co lum n r un  wer e  d ige s t e d  wi th  10  mU of  p r o t ea s e - f r ee  
chondr o i t i n as e  AB C a nd  5  mU e ach  o f  hepar a t i n as e s  I  and  I I  
( As soc i a t e s  o f  C ap e  Cod)  b e f o r e  SDS- PAGE ,  as  d es c r ibe d  be l ow.  
T he  DI I I  and  Al t 2  f r ac t i ons  wer e  l e f t  u nd ige s t ed  s i nc e  t he se  
r ecomb inan t  p r odu c t s  hav e  no  GA Gs a t t ach ed .  F r ac t ion s  de t e r min ed  
by  We ste r n  b lo t  t o  c on ta in  t he  r e com bi nan t  p r od uc t  b u t  non e  o f  t he  
endog eno us  COS- 7  c e l l  p e r l ec an  w er e  poo le d  and  th e  amo un t  o f  
pe r l e can  e s t i ma t ed  by  d i r ec t  c ompar i so ns  wi t h  know n amou n t s  o f  
E HS  per l e can  in  t h e  d im ethy l meth y len e  b lue  ( D M MB)  a s say  
( Far nda l e ,  Bu t t l e  e t  a l .  1986)  an d  in  W est e r n  b lo t s .  
 
Glyco s ida se  Dige st ion  o f  P e r l e can  G AGs.  
Wher e  i nd i c a t e d  in  t he  r e su l t s ,  p e r l ec a n  was  e i t h e r  sh am d ig es t ed ,  
d ige s t e d  wi th  10  m U of  cho ndr o i t i na se  ABC or  d i ge s t e d  wi th  5  mU 
eac h  o f  hep ar i t i n as es  I  a nd  I I  be f o r e  b e ing  u sed  i n  t he  C AF o r  t he  I P  
as sa ys .  D ig e s t i on s  w er e  don e  in  100  µ l  o f  d iges t i on  bu f f e r  ( 20  mM 
T r i s  HCl ,  5  m M ca l c ium ch lo r id e  an d  0 . 2  mg/ml  p r o t e as e - f r ee  BSA,  
pH 7 . 4 )  a t  37°C f o r  3h .  
 
Radio lab e l l in g  o f  gro wt h  f ac t or .  
Sod ium 
1 2 5
I od id e  ( 0 . 5  mCi ,  Pe r k inE lm er )  ac t i v a t e d  in  I ODO- GE N-
coa t ed  tub es  ( P i e r c e )  wa s  us ed  to  r ad i o l ab e l  5  µg  o f  FGF- 18  u s in g  
P i e r ce ’ s  s upp l i ed  p r o t oco l  ( Ch i zzon i t e  i nd i r ec t  m e tho d)  as  
p r ev iou s l y  de sc r ib ed  f o r  FGF- 2  ( Smi t h ,  Wes t  e t  a l .  2006) .   T he  
iod ina t ed  FGF- 18  wa s  pu r i f i ed  by  ch r o matogr aphy  o n  Hep ar in  
Sephar os e  6  Fa s t  F low b ead s  ( GE  He a l thca r e )  and  e l u t io n  wi th  2  M 
NaC l .  T he  pu r i f i e d  FGF- 18  w as  d i a ly z ed  ag a in s t  PBS  a nd  the  
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spe c i f i c  ac t i v i t y  o f  t h e  1 2 5 I - FGF- 18  de t e r mine d  as  b e f o r e  ( Smi t h ,  
We s t  e t  a l .  20 06) .   
 
Cat ion i c  F i l t ra t ion  A s say .  
T he  b ind in g  o f  1 2 5 I - FGF- 18  to  pe r l ec an  was  d e t e r mi ned  u s in g  a  
ca t i o n i c  f i l t r a t i on  ( CAF)  a s say  a s  p r e v ious l y  de sc r i bed  ( For s t e n ,  
Wang  e t  a l .  2000 ;  Smi th ,  We s t  e t  a l .  2 006) .  T he  b ind i ng  bu f f e r  w a s  
0 . 05  M T r i s  H Cl ,  0 . 15  M Na Cl  and  2  m g/ml  p r o t e a se - f r e e  BSA,  pH 
8 . 0 .  Br i e f ly ,  i od i na t ed  FGF- 18  wa s  i nc uba t ed  wi th  o r  wi thou t  
pe r l e can  in  b ind in g  bu f f e r  a t  r o om t em per a tu r e  f o r  1h  in  a  f i n a l  
i ncub a t io n  vo lum e o f  200  µ l .  T he  mix t u r e  wa s  t he n  f i l t e r e d  th r oug h  
ca t io n i c  Z e t a - P r ob e  membr ane  ( B io - R a d)  by  vacu um f i l t r a t i on  u s ing  
a  Min i f o ld  I  96 - w el l  app ar a t us  ( Sc h le i cher  an d  Schu e l l ,  Ke en e ,  NH,  
USA) .  T he  we l l s  w er e  r i n sed  t o  r emov e  unbou nd  1 2 5 I - FGF- 18 ,  t he  
membr a ne  w as  d r i ed  an d  the  w e l l s  ex c i sed  and  co un t ed  in  a  g amma 
coun t e r .  Fo r  t he  i n i t i a l  do se - r es pon se  CAF a s say ,  a  sa tu r a t i o n  
b ind in g  cu r v e  and  a  S ca t char d  p lo t  o f  t he  da t a  wer e  gen er a t ed  u s ing  
the  S igm aP lo t  R egr es s io n  Wiz ar d® ( S i gmaP lo t  8 . 0 ) .  
T o  s tudy  th e  e f f e c t  o f  GA Gs o n  FGF- 1 8- per l e can  b ind in g ,  
pe r l e can  ( f u l l - l eng t h  o r  Al t1 )  w as  d i ge s t e d  wi th  c hondr o i t i n as e  AB C 
or  hepar i t i na se s  I  and  I I  be f o r e  be i ng  use d  in  t he  CAF a s say .  On ly  
f u l l - l eng th  pe r l ec an  and  r ecom bina n t  d omain  I - I I I  p r oduc t  Al t1  w er e  
use d  in  t he  CAF a s say  s in ce  t h e  ca t i on i c   Z e t a - P r ob e  membr ane  
cap t u r e s  neg a t iv e ly  ch ar ge d  mole cu l es .  Reco mbin an t  p r od uc t s  ma de  
wi thou t  GAG c ha i ns  ( t h e  Dom ain  I I I  a nd  the  Al t 2  p r odu c t s )  cou l d  be  
eva l ua t ed  f o r  FGF- 18  b i nd ing  o n ly  by  an  immun opr e c ip i t a t i on  as sa y .  
 
Im m unopr ec ip i t a t ion  A s say .  
T he  b ind in g  o f  FGF- 18  to  p e r l e can  w a s  s tud i ed  u s ing  a n  
immunopr ec i p i t a t i on  ( I P )  a s s ay  a s  p r ev ious l y  de sc r i bed  ( Kn ox ,  
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Mer r y  e t  a l .  2002 ;  Sm i th ,  We s t  e t  a l .  2006) .  Pu r i f i ed  r e combi nan t  
pe r l e can  w a s  r eco ns t i t u t e d  t o  0 . 2  ml  i n  I P  bu f f e r  ( 1%  T r i ton  X- 100 ,  
20  mM T r i s  H Cl ,  0 . 15  M Na Cl ,  pH 7 . 4 ) .  1 2 5 I - FGF- 18  was  ad ded  and  
the  s ampl es  w er e  i n cub a te d  a t  r oom t e mper a t u r e  f o r  1h  wi t h  mix ing .  
F ive  mic r o l i t e r s  o f  e i t he r  an t i -  mou se  pe r l e can  a n t ibo dy  Ab 378  ( o r  5  
µ l  o f  p r e - immun e  r abb i t  se r um a s  con t r o l )  wer e  ad ded  and  th e  
sam ple s  i nc uba t ed  a t  4 °C f o r  2h .  Af t e r  add i t i o n  o f  20  µ l  o f  P r o t e in  
G  Seph ar os e  be ad s  ( GE  Hea l thc a r e )  f o r  2h  a t  4 º C,  t he  samp le s  wer e  
cen t r i f u ged  f o r  5  min  a t  250 0xg ,  t he  b ead s  wa sh ed  th r e e  t ime s  wi th  
I P  bu f f e r  and  th e  r ad io ac t i v i t y  i n  t h e  p e l l e t s  o r  i n  2  M e lua t e s  
mea su r e d  in  a  gam ma co un te r .  Pe r l ec a n  was  a l so  e i t h e r  sh am-
d ige s t e d  o r  d ige s t ed  wi th  p r o t e as e - f r ee  chondr o i t i na s e  AB C an d  
hepar a t in as e s  I  and  I I  be f o r e  b e ing  u se d  in  t he  I P  a ss ay .  
 
Denat ur at ion  and  r educt i on /a lky la t io n  o f  t he  per l e can  co re  
prot e in .  
T o de t e r min e  i f  FGF- 18 : per l eca n  b ind i ng  wa s  dep end en t  on  co r e  
p r o t e in  s t r u c tu r e ,  w e  us ed  FGF- 18  i n  a  CAF a ss ay  wi t h  pu r i f i e d  
pe r l e can  th a t  w as  e i t he r  u n t r ea t ed ,  o r  dena tu r ed  w i th  8  M u r ea  o r  
bo th  de na tu r ed  an d  r edu ced / a lk y la t ed  wi th  u r e a  and  2 5  mM DT T  ( GE  
Hea l thc a r e )  /  50  m M I odoc ae t amid e  ( P i e r ce ) .  T he  p e r l e can  w as  
d i a ly zed  aga i ns t  d i s t i l l ed  wa t e r  a f t e r  t r ea tme n t  an d  be f o r e  u s e  i n  t he  
as sa y .  
 
St at i s t i c s .  
Al l  da t a  a r e  e xpr e s sed  a s  t h e  mea n  o f  f ou r  r ep l i c a t e s  + / -  s t a ndar d  
e r r o r  o f  t he  me an .  S t a t i s t i ca l  c omp ar i s ons  w er e  ma de  u s ing  
S tuden t ’ s  t - t e s t ,  wh er e  a pp l i cab l e .  P<0 . 05  was  con s id e r ed  
s ign i f i ca n t .  
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Res u l t s  
 
Bind ing  o f  F GF - 18  t o  f u l l - l en gt h  per l ecan  in  t he  C AF  as say .  
1 2 5 I - FGF- 18  ( 33  –  2385  ng /ml ;  0 . 75  –  109  nM)  w a s  i ncu ba t ed  wi t h  
o r  wi thou t  2  n g  ( i n  DM M B GA G con t e n t ,  t he r e f o r e  10  ng  o f  t o t a l  
pe r l e can ) /m l  o f  pe r l e ca n  pu r i f i e d  f r om the  g r owth  p l a t e .  T he  
sam ple s  wer e  f i l t e r ed  over  a  ca t i on i c  membr a ne  an d  r ad io l iga nd  
b ind in g  to  t he  m embr an e  wa s  d e t e r mi n ed  us ing  a  g amma coun t e r .  
Coun t s  f r om in cub a t ion s  wi t hou t  p e r l e can  w er e  s ub t r a c t e d  f r om 
thos e  wi th  p e r l e can  a t  equ iva l en t  FGF- 18  con cen t r a t i o ns  t o  
de t e r mi ne  th e  sp ec i f i c  b in d ing .  T he  n a nomola r  amoun t s  o f  FGF- 1 8  
co r r e spon d ing  to  t h e  bou nd  co un t s  wer e  ca l cu l a t ed  f r om th e  sp ec i f i c  
ac t i v i t y  o f  t he  l abe l ed  FGF- 18  and  a r e  sho wn  ( F ig .  13 ) .  T he  da t a  
sho w tha t  t h e  b ind ing  o f  FGF- 1 8  to  pe r l eca n  wa s  s a tu r ab l e  abov e  
84 . 5  nM FGF- 18  add ed ,  wi th  a  d i sso c i a t i on  c on s t an t  ( k d )  o f  145  nM 
as  d e t e r mi ned  f r om S ig maP lo t  Sca t cha r d  ana ly s i s .   
 
Ef f ec t  o f  Gly co s ida se  Tre at m ent  o f  P er l e can  on  F GF - 18  B ind ing  
in  t he  CAF  and  IP  a ss ays .  
Gr owth  p l a t e  p e r l e can  con t a in s  bo th  C S  and  HS  ch a in s  ( Gov i ndr a j ,  
We s t  e t  a l .  20 02) .  Pu r i f i ed  g r o wth  p l a t e  pe r l e can  ( 1 0  ng  GA G/ml )  
was  f i r s t  s ham- d ige s t ed  o r  d ig es t ed  wi th  chon dr o i t i n as e  A BC or  
wi th  he par i t i na se  I  and  I I  be f o r e  i nc ub a t ion  wi th  1 2 5 I - FGF- 18  ( 80  
ng /ml )  i n  t he  CAF a s sa y .  Con t r o l  b ind i ng  ( no  pe r l eca n )  wa s  
sub t r ac t ed  f r om to t a l  b ind i ng  ( wi th  p e r l eca n )  t o  g iv e  sp ec i f i c  
b ind in g  sho wn .  We f o und  th a t  ne i t he r  chondr o i t i n as e  ( C)  no r  
hepar i t i na s e  ( H)  t r ea tm en t  o f  pe r l ec an  s ign i f i ca n t ly  a f f ec t ed  the  
b ind in g  o f  pe r l e can  t o  FGF- 18  in  c omp ar i so n  to  sh am- d i ge s t e d  
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per l e can  ( sham,  F ig .  14 ) .  W e a l so  u sed  the  I P  as sa y  to  de t e r min e  i f  
1 2 5 I - FGF- 18  cou ld  b ind  to  p e r l e can  wi t hou t  i n t ac t  G AG ch a in s  
p r es en t .  Pu r i f i e d  pe r l eca n  ( 30  ng  G AG /ml )  wa s  e i t h e r  sh am d ig es t ed  
( sham,  F ig .  15 )  o r  d ig e s t ed  wi th  c hond r o i t i na se  ( C)  o r  hep ar i t i n as es  
I  and  I I  ( H)  o r  a  mix tu r e  o f  bo t h  ( C+ H ) .  T he  pe r l ec an  wa s  t h en  
incub a te d  wi th  1 2 5 I - FGF- 18  ( 40  n g /ml )  and  s e r um ( p r e - imm une  o r  
an t i - p e r l ec an ) ,  ca p tu r e d  wi th  P r o t e in  G  bead s  a nd  the  F GF- 18  
b ind in g  de t e r mine d .  T her e  wa s  s ign i f i c an t ly  mor e  b ind i ng  o f  1 2 5 I -
FGF- 18  to  t h e  bea ds  w i th  an t i - pe r l ec an  se r um th an  wi t h  p r e - immu ne  
se r um.  T her e  wa s  no  s ign i f i ca n t  d i f f e r enc e ,  howe ver ,  whe ther  t h e  
pe r l e can  u se d  had  i t s  G AG ch a in s  i n t a c t  ( sh am t r ea tmen t )  o r  h ad  
on ly  on e  type  o f  G AG ( C o r  H  t r ea tm e n t )  o r  had  no  in t ac t  G AG s 
( C+H t r ea tm en t ) .  
 
Ef f ec t  o f  Co re  P rot e in  D enat urat ion  and  Reduct i on /Alk y la t ion  on  
1 2 5 I - F GF - 18  Bind ing .  
T o de t e r min e  i f  co r e  p r o t e i n  s t r u c tu r e  has  an  e f f e c t  on  FGF-
18 :per l ec an  b in d ing ,  we  u s ed  50  ng  o f  FGF- 18  in  a  C AF a ss ay  wi th  
2  ng  GAG of  p e r l e can  th a t  wa s  e i t he r  u n t r ea t ed ,  o r  den a tu r e d  wi th  8  
M u r ea  o r  b o th  de na tu r ed  an d  r edu ced / a lky l a t ed  wi th  u r e a  an d  50  
mM DT T /  100  m M I odo cae t amid e .  T he  b ind ing  o f  FGF- 18  to  
pe r l e can  w a s  r edu ced  by  m or e  t ha n  50  %  when  the  co r e  p r o t e in  w a s  
s t r uc tu r e  w as  a l t e r ed  by  r ed uc t i on  an d  a lky l a t i on  ( F ig u r e  16 ) .  T he  
dec r e a se  w as  l e s s  d r a s t i c  bu t  s t i l l  s i gn i f i can t  when  t he  co r e  p r o t e in  
was  d en a tu r e d  on ly .  
 
  B ind ing  o f  1 2 5 I - F GF - 18  t o  f u l l  l engt h  per l e can  and  t o  Al t 1  in  t he  
CAF  as say .  
For  F ig .  17 ,  t he  b ind i ng  o f  1 2 5 I - FGF- 1 8  to  f u l l - l en g th  pe r l ec an  wa s  
comp ar ed  to  t h a t  o f  Al t I ,  a  r e combi nan t  p r oduc t  con t a in in g  on ly  t h e  
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N- te r min a l  dom ain s  I - I I I  o f  pe r l ec an  ( Do lan ,  H or ch ar  e t  a l .  199 7) .  
A t  con cen t r a t i o ns  w e l l  be low sa tu r a t i o n  ( as  de t e r min ed  in  F ig .  13 ) ,  
1 2 5 I - FGF- 18  ( 20  ng /ml  i n  F ig .  17 A,  16 0  ng /ml  i n  F ig .  17 B)  wa s  
i ncub a te d  wi th  f u l l - l eng t h  pe r l ec an  o r  r ecomb inan t  Al t1  ( 10  n g  
GAG/ml ) .  B o th  p e r l ec an  p r od uc t s  ha d  s imi l a r  b ind i ng  ca pa c i ty  
( ~50% )  f o r  1 2 5 I - FGF- 18  a t  bo th  F GF- 1 8  conc en t r a t i on s  u sed .  
 
Bind ing  o f  1 2 5 I - F GF - 18  t o  pe r l e can  d om ains  I - I I I  and  t o  dom ain  
II I  in  t he  IP  as say .  
T he  domai n  in  t he  N- t e r min a l  ha l f  o f  p e r l ec an  th a t  b ind s  FGF- 1 8  
was  d e t e r mine d  in  t he  I P  a s say  b y  incu ba t ing  4 0  ng /ml  o f  1 2 5 I - FGF-
18  wi tho u t  pe r l ec an ,  o r  wi th  15 0  ng /ml  o f  a  r ecombi nan t  p r odu c t  f o r  
domain  I I I  o f  pe r l ec an  ( Ch akr a var t i ,  H or char  e t  a l .  1995)  o r  wi t h  
Al t1  o r  wi th  A l t2 ,  a  r ec ombin an t  p r o du c t  o f  domai ns  I - I I I  mad e  
wi thou t  GAG s ( Do l an ,  Hor c har  e t  a l .  1997) .  FGF- 18  bou nd  eq ua l l y  
t o  domai n  I I I  a s  i t  bou nd  to  t h e  doma i n  I - I I I  p r oduc t s  ( F ig .  18 ) .   
 
 
 
D i s cus s io n  
 
I n  t h i s  s t udy  we  u sed  a  ca t i on i c  f i l t r a t i on  ( CAF)  a s say  a nd  an  
immunopr ec i p i t a t i on  ( I P )  a s s ay  to  i de n t i f y  FGF- 18  a s  a  no ve l  
b ind in g  pa r tn e r  o f  g r owth  p l a t e  p e r l e c an .  FGF- 18  bo und  to  n a t iv e  
pe r l e can  p u r i f i ed  f r om th e  dev e lo p ing  g r owth  p l a t e  ( F ig .  13 ) .  
Remo va l  o f  t h e  cho ndr o i t i n  su l f a t e  ( C S)  and  hep ar an  su l f a t e  ( HS)  
cha i ns  o f  p e r l ec an  d i d  no t  s i gn i f i can t l y  r educ e  FGF- 18  b i nd in g  
( F igs .  14  an d  15 ) .  T hes e  da t a  s how th a t  no  o the r  g r o wth  p l a t e  
molec u le s  a r e  n ee ded  to  m ed i a t e  t h e  i n t e r ac t ion  b e twe en  p e r l ec an  
and  FGF- 1 8  and  th a t  t he  b ind in g  i s  t o  t he  co r e  p r o t e i n  o f  pe r l e can .  
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I n  f u r the r  conf i r m at io n  o f  t h i s  f i nd ing ,  dena tu r ing  an d  
r educ i ng /a lky l a t i ng  t he  co r e  p r o t e in  o f  pe r l ec an  s ign i f i can t ly  
dec r e a sed  th e  b ind ing  o f  FGF- 1 8  to  pe r l eca n  ( F ig .  16 ) .  Wi th  t h e  
compl e t e  t r e a tm en t  ( u r e a  f o r  den a tu r a t i on ,  DT T  f o r  r educ t io n  and  
I odoa ce t amide  f o r  a lky l a t i on ) ,  t h e  b in d ing  o f  FGF- 18  t o  pe r l e ca n  
was  r edu ced  c los e  t o  ba ckgr ound  ( b i nd ing  o f  FGF- 18  to  t h e  C AF 
as sa y  membr ane  a lone) .  FGF- 1 8  a l so  b ound  eq ua l l y  we l l  t o  t he  
r ecomb inan t  p r odu c t s  Al t1 ,  A l t2  and  D I I I  o f  pe r l eca n  mad e  in  CO S-
7  ce l l s  ( F ig s .  17  and  1 8 ) .  T hes e  r ecom binan t  p r odu c t s  a r e  o f  t he  
expe c t e d  s i ze ,  co n f o r mat i on  an d  GAG con t en t ,  a s  se en  in  W e ste r n  
b lo t s  o f  t he  va r i ou s  p r odu c t s  un r ed uce d ,  r educe d  o r  t r ea t ed  wi t h  
GAG ly as es  ( d a t a  n o t  sh own) .  Pu r i f i ed  f u l l - l eng t h  pe r l e ca n  f r om the  
g r owth  p l a t e  c on t a in s  25%  of  i t s  t o t a l  GAG s a s  HS  and  7 5%  as  CS ,  
r ecomb inan t  Al t1  c on ta in s  60%  HS  an d  40%  CS ,  and  r ec ombin an t  
Al t2  do es  no t  con t a in  G AG s,  ye t  t h ey  a l l  b ind  FG F- 18  com par ab ly .  
T h i s  s ugge s t s  t h a t  ne i t he r  t h e  i n t a c t  G AGs o n  pe r l eca n  no r  t he  G AG 
s tub s  a f t e r  g lyc os ida se  d i ge s t i o n  in f lu enc e  FGF- 18  b i nd ing .  T he  
Al t1  p r odu c t  i s  t he  N- t e r min a l  t h i r d  o f  domain  I  co n ta in ing  th e  
se r in e  GA G a t t achm en t  s i t e s  p lu s  a l l  o f  domain s  I I  and  I I I  ( Do la n ,  
Hor ch ar  e t  a l .  199 7) .  T he  Al t2  p r od uc t  i s  mad e  wi tho u t  GA Gs s in ce  
t he  s e r ine s  i n  d omain  I  t h a t  a r e  G AG a t t ach men t  s i t e s  w er e  mut a t e d  
to  t h r eon i ne s  ( Do l an ,  Hor c har  e t  a l .  19 97) .  Domain  I I I  a l so  bo und  
equa l ly  we l l  t o  FGF- 18  as  A l t1  an d  Al t 2  d id ,  wh ic h  p inpo in t s  t he  
b ind in g  s i t e  o f  FGF- 18  to  d omain  I I I  o f  pe r l ec an  ( F ig .  18 ) .    
T he  GAG o n  pe r l e ca n  con s t i t u t e s  20%  of  i t s  mo l ecu l a r  ma ss  
( Do lan ,  Hor char  e t  a l .  1997 ;  T apan ad e chopo ne ,  Ha s se l l  e t  a l .  199 9 ;  
Gov indr a j ,  We s t  e t  a l .  2002) .  T her e f o r e ,  t he  2  ng / t ube  ( 10  n g /ml )  o f  
pe r l e can  G AG u sed  i n  ou r  i n i t i a l  do se - r esp ons e  C AF a ss ay  ( F ig .  13 )  
co r r e spon ds  t o  1 0  ng  o f  pe r l ec an .  T he  molec u la r  ma s se s  o f  pe r l ec an  
and  FGF- 1 8  a r e  ~6 00  kD a  ( Smi th ,  We s t  e t  a l .  2006)  a nd  22  kD a  
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( Pepr o t e ch  p r od uc t  d a t a  she e t )  r e spe c t i ve ly .  A s  de t e r mine d  f r om our  
sa t u r a t i o n  b ind i ng  cu r v e  s hown  i n  F igu r e  13 ,  nea r  sa tu r a t i on  ( i . e .  a t  
85 . 4  nM FGF- 18  add ed)  ou r  c a l c u l a t i o ns  y i e ld  a  s to i c h iom et r y  o f  
~103  FGF- 1 8  mole cu l es  b ound  p e r  mol ecu l e  o f  pe r l eca n .  T h i s  
sugg e s t s  t ha t  g r o wth  p l a t e  p e r l ec an  i s  cap ab le  o f  se r v i ng  a s  a  
r ese r vo i r  f o r  l a r g e  amou n t s  o f  FGF- 18 ,  a  f unc t io n  p r ev i ous ly  s hown  
f o r  pe r l ec an  wi t h  o th e r  g r owth  f a c to r s  ( I ozzo  19 94 ;  M ong i a t ,  T ay lo r  
e t  a l .  2000 ;  Smi th ,  We s t  e t  a l .  2006) .  Sca t char d  ana l ys i s  o f  t h e  
b ind in g  da t a  us i ng  S igm aP lo t  show ed  a  k d  o f  144  nM f o r  t he  
i n t e r a c t ion  b e tw ee n  FGF- 18  a nd  pe r l ec an  ( F igu r e  1 3 ) .  T hus ,  g r owt h  
p l a t e  p e r l e can  i s  a  l o w a f f in i t y  b ind i ng  pa r tne r  f o r  FGF- 18  ( Y ayo n ,  
Klag sb r u n  e t  a l .  199 1 ;  Fay e in ,  Co ur to i s  e t  a l .  19 92 ;  M os ca t e l l i  
1992) .  
FGF- 18  bou nd  to  dom ain  I I I  o f  pe r l e ca n .  Domain  I I I  ha s  a  
ca l c u l a t ed  mol ecu la r  ma s s  o f  120- 13 5  kDa  ( No onan ,  Fu l l e  e t  a l .  
1991) ,  ac coun t ing  f o r  ~2 5%  of  t he  ma s s  o f  t o t a l  co r e  p r o t e in ,  an d  i s  
o r gan i zed  in to  t h r e e  i de n t i c a l  s ubdom a ins  t h a t  sh ow e x ten s iv e  
t e r t i a r y  s t r uc tu r e .  E ac h  o f  t he  t h r ee  s u bdomai ns  con s i s t s  o f  a  28 - 41  
amino  a c id  c ys t e in e - r i ch  r e pe a t  f o l l ow ed  by  a  19 2- 199  a mino  a c id  
cys t e in e - f r ee  g lobu l a r  dom ain  f o l lo we d  by  th r ee  add i t i ona l  cy s t e i ne -
r i ch  r epe a t s  ( t o t a l i ng  14 7- 168  a mino  a c id s)  ( Noon an ,  Fu l l e  e t  a l .  
1991) .  Dom ain  I I I  sho ws sub s t an t i a l  h omology  t o  t he  sho r t  a r m o f  
t he  l ami n in  A  c ha in ,  e ven  sho wing  th e  sam e  var i ab i l i t y  i n  t he  
number s  o f  cy s t e ine  r e s i due s  pe r  r e pea t  and  the  sam e  R GDS ami no  
ac id  seq uen ce  in  t h e  s eco nd  g lo bu la r  d omain  ( No ona n ,  Fu l l e  e t  a l .  
1991) ;  t h i s  s equ enc e  i s  ac t i ve  i n  i n t eg r in  b ind in g  and  m ed ia t e s  t he  
ce l l - a dhe s i ve  p r op er t i e s  o f  pe r l ec an  ( C hakr a var t i ,  Hor char  e t  a l .  
1995 ;  I oz zo  20 05 ;  Kn ox  an d  Whi t e loc k  2006) .  T he  d i s u l f i d e - bond ed  
cys t e in e - r i ch  r e pe a t s  o f  d omai n  I I I  a r e  homologo us  t o  ep id e r mal  
g r owth  f a c to r  ( E GF)  and  conf e r  a  r e s i s t anc e  t o  p r o t eo ly s i s  
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( Chakr avar t i ,  Hor ch ar  e t  a l .  199 5) .  We  can  s pec u la t e ,  t hen ,  t h a t  a  
g r owth  f a c to r  ( s uch  a s  FGF- 1 8)  boun d  to  t h i s  s t a b l e  do main  I I I  
m igh t  be  mor e  e f f e c t iv e ly  p r o t ec t ed  in  t he  ex t r a ce l lu l a r  m a t r ix .  
T he  r epe t i t i ve  s t r u c tu r e  o f  d omain  I I I  ( wh ich  w ou ld  p r o v ide  
mul t i p l e  b ind i ng  s i t e s )  and  th e  t en den c y  o f  f i b r ob la s t  g r o wth  f ac to r s  
t o  mul t imer i ze  ( H ar mer ,  R ob in son  e t  a l .  2006)  may  e xp la i n  t he  
143 :1  s to i ch iom et r y  o f  t he  F GF- 18 :p er l eca n  in t e r ac t i on ;  t h e  b ind i ng  
o f  FGF- 18  to  pe r l ec an  co u ld  en han ce  F GF- 18  mul t im er i z a t io n .  
Domai n  I I I  i s  a l r e ady  kn own to  b ind  to  va r iou s  p r o t e ins  i nc lu d ing  
in t eg r in s ,  FGF- 7 ,  FGF- BP  ( FGF  b ind in g  p r o t e in ) ,  PDG F ( p l a t e l e t  
de r ive d  g r owt h  f ac to r )  a nd  WA RP ( von  Wi l l eb r and  f a c to r  A  dom ain -
r e l a t e d  p r o t e in ,  wh ic h  i s  expr e s sed  i n  chondr ocy t e s  and  a f f ec t s  E C M 
s t r uc tu r e )  ( C hakr avar t i ,  Hor ch ar  e t  a l .  1995 ;  Go hr ing ,  Sa sa k i  e t  a l .  
1998 ;  Mong i a t ,  T ay lo r  e t  a l .  2000 ;  Mo ng ia t ,  O t t o  e t  a l .  200 1 ;  Al l en ,  
Ba t eman  e t  a l .  200 6) .  We hav e  s hown  i n  t h i s  s t ud y  tha t  do main  I I I  
a l s o  b ind s  FGF- 18 .  
FGF- 2  i s  a no th e r  l ow a f f in i t y  b in d ing  pa r tne r  o f  p e r l e can  a nd  
b ind s  exc lu s ive l y  v i a  p e r l e can ’ s  HS  c h a in s  ( Av ie ze r ,  L evy  e t  a l .  
1994 ;  Kn ox ,  M er r y  e t  a l .  20 02 ;  Smi th ,  We s t  e t  a l .  20 06) .  Pe r l e can  in  
t he  mou se  mo de l  h spg 2∆ 3 /∆ 3  l ack s  t h e  HS  a t t a chm en t  s i t e s  i n  dom ain  
I  bu t  i s  s t i l l  s yn th es i ze d  as  a  HSPG b e cau se  o f  t h e  HS  a t t ach men t  
s i t e  i n  domai n  V .  T he  h spg2 ∆ 3 / ∆ 3  mou s e  sho ws d e f e c t iv e  l en s  c aps u le  
f o r mat ion  ( Ro ss i ,  Mor i t a  e t  a l .  200 3) ,  de l a yed  w ound  h ea l i ng  an d  
impa i r e d  ang i oge ne s i s  ( Z hou ,  Wan g  e t  a l .  2004) ,  i nc r ea sed  smoo th  
mus c l e  c e l l  p r o l i f e r a t i on  ( T r an ,  T r an - L undmar k  e t  a l .  200 4)  and  
abnor m al  g lom er u la r  f i l t r a t i o n  ( Mor i t a ,  Yosh im ur a  e t  a l .  2005)  bu t  
no  s ig n i f i c an t  c a r t i l a ge  o r  bon e  de f ec t s .  T h i s  sugg es t s  e i t he r  t h a t  
t he  s i ng l e  HS  cha in  on  dom ain  V  i s  s u f f i c i en t  f o r  g r o wth  f a c to r  ( i . e .  
FGF- 2)  ac t i on  in  t h e  g r owth  p l a t e  o r  t h a t ,  a s  t h e  no r ma l - l en g th  
bone s  o f  t he  F GF- 2  kno ckou t  i nd i c a t e  ( Mont e r o ,  Oka da  e t  a l .  2000) ,  
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FGF- 2  i s  no t  a  c r u c i a l  l i g and  f o r  FGF R - 3  and ,  t hu s ,  f o r  
endo chon dr a l  o ss i f i c a t i on  in  t he  g r ow t h  p l a t e .  I n  co n t r a s t ,  t he  FG F-
18  knoc kou t  h as  d e f e c t s  i n  end ocho ndr a l  o s s i f i ca t i on  ( L iu ,  Xu  e t  a l .  
2002 ;  Oh bay a sh i ,  Sh ib ayam a e t  a l .  20 0 2)  wh ich  sugg e s t s  t ha t  FGF-
18  i s  t h e  c r uc i a l  FGF  in  l ong  bo ne  g r o wth .  FGF- 18  b in ds  t o  t he  c o r e  
p r o t e in  o f  p e r l e can .  T he  c o r e  p r o t e in  o f  pe r l ec an  i s  p r e sen t  i n  t he  
hspg 2∆ 3 /∆ 3  mo us e ,  wh ic h  ha s  no r ma l  en docho ndr a l  o s s i f i c a t i o n  bu t  i s  
abs en t  i n  t h e  pe r l ec an  nu l l  m ou se ,  wh i ch  ha s  de f ec t i ve  en doc hondr a l  
o s s i f i c a t i on  ( Ar ika wa- Hi r as aw a ,  Wat a nabe  e t  a l .  1999 ;  Co s t e l l ,  
Gus t a f sso n  e t  a l .  19 99) .  We p r op os e  t h en ,  f r om our  f i nd ing s ,  t ha t  
t he  co r e  p r o t e i n  o f  pe r l e ca n  may  b e  an  impor t an t  m ed i a to r  o f  FGF-
18  ac t i on .
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F igure s  
 
F igure  13 .  
 
Sa tu r a t i on  b in d ing  o f  
1 2 5
I - FGF- 18  to  g r owth  p l a t e  pe r l ec an  in  t h e  
ca t i o n i c  f i l t r a t i on  ( CAF)  a s say .   
1 2 5
I - FGF- 18  ( 33  –  238 5  ng /ml ;  0 . 7 5  
–  109  nM)  w a s  add ed  to  t ub e s  wi tho u t  o r  wi th  pe r l ec an  ( 8  ng  
GAG/ml ) .   Af t e r  i n cub a t io n ,  t he  s ampl es  w er e  f i l t e r ed  a c r o ss  t h e  
ca t i o n i c  m embr an e  an d  the  c oun t s  r e t a i ned  on  th e  membr ane  wer e  
de t e r mi ned .   Spe c i f i c a l l y  b ound  FG F- 1 8  ( spe c i f i c  coun t s  [ t o t a l  
coun t s  min us  c oun t s  bou nd  wi t hou t  p e r l eca n ]  d iv id ed  by  spe c i f i c  
ac t i v i t y  an d  expr es se d  a s  nan omola r )  i s  sh own  in  t he  s a tu r a t i on  
b ind in g  cu r v e .  Sca t char d  ana l ys i s  ( i n s e t )  o f  t he  b in d ing  d a t a  g ave  a  
d i s soc i a t i on  con s t an t  ( k d )  o f  145  n M.  E r r o r  ba r s  r ep r e s en t  ±  S . E . M.  
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F igure  14 .  
E f f ec t  o f  chon dr o i t i na se  o r  he par i t i na s e  p r e t r e a tme n t  o f  g r owt h  
p l a t e  p e r l e can  o n  
1 2 5
I - FGF- 18  b ind ing  us in g  the  C AF a ss ay .   
Pe r l ec an  w as  e i t he r  sh am d ige s t ed  ( s ha m) ,  o r  d iges t ed  s ep ar a t e ly  
wi th  e i t he r  ch ondr o i t i na se  AB C ( C)  o r  a  mix tu r e  o f  h epar i t i na s es  I  
and  I I  ( H) .   Af t e r  i ncub a t io n  o f  pe r l e c an  ( 10  ng  G AG/ml )  wi th  
1 2 5
I -
FGF- 18  ( 80  ng /m l )  f o r  1h  the  samp le s  wer e  f i l t e r ed  a c r o ss  t he  
ca t i o n i c  m embr an e  an d  the  c oun t s  r e t a i ned  on  th e  f i l t e r  w er e  
de t e r mi ned .  Fo r  e ach  t r ea tm en t ,  co n t r o l  va lue s  ( no  p e r l e can )  w er e  
sub t r ac t ed  f r om ex per im en ta l  va lu e s  ( wi th  pe r l ec an )  t o  g iv e  ou r  
r esu l t s .  N e i th e r  chon dr o i t i n a se  no r  h ep ar i t i na s e  d ige s t i on  o f  
pe r l e can  s ign i f i ca n t ly  c han ged  
1 2 5
I - FG F- 18- per l e ca n  b ind i ng .  E r r o r  
ba r s  r e p r e sen t  ±  S . E . M.
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F igure  15 .  
 
E f f ec t s  o f  c hondr o i t i n as e  and  h ep ar i t i n as e  p r e t r e a tm en t  o f  pe r l ec an  
on  
1 2 5
I - FGF- 18  b ind i ng  u s ing  th e  imm unopr e c ip i t a t i o n  ( I P )  a s say .   
Pe r l ec an  ( 30  ng  GAG/ ml )  wa s  e i t he r  s h am d ige s t ed  ( s ham) ,  d ig es t ed  
wi th  ch ondr o i t i na se  AB C ( C) ,  d ige s t ed  wi th  a  mix tu r e  o f  
hepar i t i na s es  I  an d  I I  ( H)  o r  d iges t ed  wi th  bo th  chon dr o i t i n a se  an d  
hepar i t i na s es  ( C +H) ,  i nc uba ted  wi th  
1 2 5
I - FGF- 18  ( 40  ng /ml )  a nd  
immunopr ec i p i t a t ed  u s ing  p r e - immu ne  se r um o r  p e r l e can  an t i se r um 
and  p r o t e in  G  b ead s .   Af t e r  wa sh ing  to  r emove  un boun d  
1 2 5
I - FGF-
18 ,  t he  amo un t  o f  
1 2 5
I - FGF- 18  r e l ea se d  f r om the  bea ds  b y  2  M N aCl  
was  m ea su r ed .  Fo r  ea ch  t r ea tmen t ,  con t r o l  va lu es  ( n o  pe r l e ca n )  wer e  
sub t r ac t ed  f r om ex per im en ta l  va lu e s  ( wi th  pe r l ec an )  t o  g iv e  ou r  
r esu l t s .  C hondr o i t i n as e ,  hep ar i t i n as e ,  and  ch ondr o i t i na se  +  
hepar i t i na s e  t r ea tm en t s  o f  pe r l ec an  d id  no t  s ign i f i c an t ly  c han ge  th e  
amoun t  o f  
1 2 5
I - FGF- 18  r e l e as ed  f r om t he  be ad s  by  2  M N aCl .  E r r o r  
ba r s  r e p r e sen t  ±  S . E . M.  *  deno t e s  s ig n i f i can ce  c ompar ed  to  p r e -
immune  con t r o l  ( p  <  0 . 05 ) .  
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F igure  16  
 E f f ec t  o f  g r owth  p l a t e  p e r l e can  co r e  p r o t e in  d ena t u r a t i o n  and  
r educ t ion / a lky l a t i o n  on  1 2 5 I - FGF- 18  b i nd ing .  T o  de t e r min e  i f  co r e  
p r o t e in  s t r u c tu r e  h as  an  e f f e c t  on  FGF- 18 :per l ec an  b in d ing ,  we  u s ed  
50  ng  o f  FGF- 18  in  a  CAF a s sa y  wi th  2  ng  GAG of  p e r l e can  th a t  wa s  
e i t he r  u n t r ea t ed ,  o r  de na tu r ed  wi t h  8  M u r ea  o r  b o th  de na tu r ed  an d  
r educ ed / a lky l a t e d  wi th  u r e a  an d  50  m M DT T /  100  m M 
I odoa ce t amide .  T he  b ind in g  o f  FGF- 18  to  pe r l ec an  w as  r e duc ed  by  
mor e  t ha n  50  %  when  t he  co r e  p r o t e in  was  s t r u c tu r e  w a s  a l t e r ed  by  
r educ t ion  an d  a lk y l a t i on  ( F igu r e  16 ) .  T he  dec r ea se  w as  l e ss  d r as t i c  
bu t  s t i l l  s i g n i f i c an t  w hen  th e  co r e  p r o t e in  wa s  de na t u r ed  on ly .  
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F igure  17 .  
Bind i ng  o f  
1 2 5
I - FGF- 18  to  na t ive  f u l l - l eng th  p e r l e can  and  to  
r ecomb inan t  pe r l eca n  doma in s  I - I I I  i n  t he  C AF as s ay .   
1 2 5
I - FGF- 18  
( F igu r e  17 A:  20  ng /m l ,  F igu r e  17 B:  16 0  ng /ml )  wa s  i n cub a ted  w i th  
no  pe r l e ca n  ( - )  o r  wi th  10  ng  GA G/ml  o f  e i t he r  f u l l - l eng th  pe r l ec an  
pu r i f i ed  f r om th e  g r owt h  p l a t e  o r  Al t1  ( r ecombi nan t  d omai ns  I - I I I ) .  
Af t e r  1h ,  t he  sam ple s  wer e  f i l t e r ed  ac r os s  t he  c a t i o n i c  m embr an e  
and  the  coun t s  r e t a in ed  on  th e  f i l t e r  w er e  de t e r min ed  an d  d iv id ed  by  
the  s pec i f i c  a c t i v i t y  t o  de t e r min e  ng  b ound .  Fo r  bo th  p e r l e can  
p r epar a t i on s ,  t he r e  wer e  s imi l a r  pe r cen tage s  ( ~  50% )  o f  FGF- 18  
bound  a t  bo th  t h e  l ow ( F ig ur e  17A)  an d  h igh  ( F igu r e  17B)  
conc en t r a t i on s  o f  FGF- 18  u s ed .  E r r o r  ba r s  r e p r e sen t  ±  S . E . M.  *  
deno t es  s ig n i f i c anc e  com par e d  to  con t r o l  wi th  no  p e r l e can  ( p  <  
0 . 05 ) .  
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F igure  18 .  
Bind i ng  o f  
1 2 5
I - FGF- 18  to  d i f f e r en t  p e r l eca n  doma ins  i n  t he  
immunopr ec i p i t a t i on  ( I P )  a s s ay .  Re co mbinan t  pe r l e ca n  doma in  I I I  
( DI I I ) ,  domains  I - I I I  ( Al t1 )  a nd  dom ai ns  I - I I I  w i th  no  GA G s ( Al t2 ) ,  
eac h  a t  150  n g /ml ,  wer e  mixe d  se par a t e ly  wi th  
1 2 5
I - FGF- 1 8   ( 40  
ng /ml )  and  t he  pe r l ec an  w as  imm unopr ec ip i t a t ed  wi th  P r o t e in  G  
bead s  a f t e r  i ncu ba t i on  wi t h  p r e - immu n e  se r u m,  o r  wi th  an t i s e r um to  
pe r l e can .  A  c on t r o l  w as  add ed  wh er e  n o  pe r l e can  w a s  us ed  in  t h e  
i ncub a t io n  ( - ) .  Af t e r  was h ing  to  r emov e  unbou nd  
1 2 5
I - FGF- 18 ,  t he  
amoun t  o f  
1 2 5
I - FGF- 18  r emai n ing  on  t h e  bea ds  w as  d e t e r mine d .  
1 2 5
I -
FGF- 18  bou nd  to  t h e  bea ds  w a s  s ig n i f i can t l y  g r ea t e r  u s ing  a n t i -
pe r l e can  se r um v er s us  p r e - immu ne  s e r um ( p<  0 . 05 ,  pa i r ed  t - t e s t ) .  
T her e  wer e  no  s ign i f i can t  d i f f e r en ce s ,  howe ver ,  amon g  the  t h r ee  
t ype s  o f  pe r l eca n  tha t  wer e  u se d .  E r r o r  ba r s  r ep r es en t  ±  S . E . M.  *  
deno t es  s ig n i f i c anc e  com par e d  to  con t r o l  wi th  no  p e r l e can  ( p  <  
0 . 05 ) .
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Abst r act  
 
Per l ec an  i s  t he  m ajo r  he par a n  su l f a t e  p r o t eog l yca n  ( HSPG)  in  
g r owth  p l a t e  c a r t i l age .  I t s  co r e  p r o t e in  and  a t t ach ed  he par a n  su l f a t e  
cha i ns  m ed ia t e  i n t e r ac t ion s  wi th  m any  d ive r se  p r o t e in s .  Pe r l e can  i s  
e s se n t i a l  f o r  p r o per  s ke l e t a l  d eve lopm en t ,  e s pe c i a l l y  i n  l ong  b one s .  
T he  a im  o f  t h i s  s t udy  w as  t o  i den t i f y  p e r l ec an - b i nd ing  p r o t e i ns  t h a t  
a r e  end oge nou s  t o  t h e  g r owth  p l a t e .  Af f in i t y  ch r o mato gr aph y  
i so l a t ed  h i s t one  H 3  a s  a  pe r l ec an - b in d i ng  p r o t e i n  f r om the  
chondr ocy t e  s u r f ac e /mat r ix .  L iqu id  ph as e  ( ca t i on i c  f i l t r a t i o n )  
b ind in g  as s ays  conf i r m ed  th e  i n t e r ac t i on  as  sp ec i f i c ,  and  de pen den t  
p r imar i l y  o n  HS  ch a in s  o f  pe r l e ca n ,  a l t hough  c hondr o i t i n  su l f a t e  
cha i ns  a nd  the  p e r l e can  co r e  w er e  a l so  i nvo lve d .  
I mmunoh i s to che mis t r y  a l so  s how ed  s t a in ing  f o r  pe r l ec an  an d  h i s t one  
H3  in  g r owt h  p l a t e  ca r t i l ag e  wi th  a  no t i cea b le  c o lo ca l i za t i on  o f  t he  
two  p r o t e in s .  T hes e  r es u l t s  ca n  he lp  u s  be t t e r  un der s t an d  the  g r o wth  
f ac to r  i nd ep end en t  co n t r o l  t h a t  pe r l eca n  exer t s  t o  f a c i l i t a t e  l on g  
bone  g r o wth .   
 
Keyw or ds :  pe r l eca n ,  g r owth  p l a t e ,  h i s t one .  
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In t rodu ct ion  
 
T he  hep ar an  su l f a t e  p r o t eog l yca n  ( HSP G)  pe r l e can  h as  a  
p r o t e in  co r e  o f  f i v e  d i s t i nc t ,  h i gh ly  c o nse r ved  do main s  ( I - V)  wi th  
g lyco sa minog lyc an  ( GA G)  cha in s  a t t a c hed  to  dom ain s  I  and  V 
( I ozzo  19 94 ;  I oz zo ,  Co hen  e t  a l .  1994 ;  Smi th  and  H as s e l l  200 6) .  
Domai n  I  was  f i r s t  co ns ide r ed  un iq ue  t o  pe r l e can  ( N oona n ,  Fu l l e  e t  
a l .  1991)  bu t  w a s  l a t e r  sho wn  to  co n ta i n  an  SE A modu l e  impor t an t  
f o r  g lyco sy l a t i on  o f  t h e  GA G a t t achm e n t  s i t e s  i n  D omai n  I  ( Bor k  
and  Pa t t hy  199 5) .  Domai ns  I I  t o  V ,  ho wever ,  h ave  ho molog y  to  
mot i f s  i n  ep id e r mal  g r o wth  f a c to r ,  l am in in ,  t he  l o w den s i ty  
l i popr o t e in  r e cep t o r  and  N eur a l  Ce l l  A dhe s ion  Mol ecu l e  ( Noo nan ,  
Fu l l e  e t  a l .  1991) .  Pe r l e ca n  i s  a  compo nen t  o f  a l l  b a sem en t  
membr a ne s  and  h as  b ee n  sh own  to  i n t e r ac t  wi t h  o the r  c ompo nen t s  
f ound  in  ba s emen t  membr ane ,  i n c lud i n g  l amin in ,  n i dog en ,  co l l age n  
I I  and  f i b r one c t in  ( I o zzo  19 94 ;  I oz zo ,  Coh en  e t  a l .  19 94) .  Pe r l e can  
has  a l s o  be en  sh own  to  b ind  c e r t a i n  g r owth  f a c to r s  su ch  a s  FGF- 2  
( Av ie ze r ,  He ch t  e t  a l .  1994)  an d  FGF- 7  ( Mong i a t ,  T ay lo r  e t  a l .  
2000)  an d  i s  kn own  to  b e  up r e gu la t ed  by  T GF-β  ( I oz zo ,  P i l l a r i se t t i  
e t  a l .  1997) .  
Pe r l ec an  i s  a l so  p r e se n t  i n  c a r t i l a ge  an d  in  t he  g r ow th  p l a t e  
( Sundar Ra j ,  F i t e  e t  a l .  199 5 ;  Ha nd le r ,  Yur ch enc o  e t  a l .  199 7 ;  
F r ench ,  Smi t h  e t  a l .  199 9) .  T he  g r owth  p l a t e  i s  a  s pec i a l i zed  r eg ion  
o f  ca r t i l age  t h a t  r eg u la t es  t h e  g r ow th  o f  l ong  bone s  ( Hu n t l e y ,  Bu sh  
e t  a l .  2003) .  T he  g r o wth  p l a t e  c on t a in s  d i sc r e t e  t r a ns ver se  z one s  o f  
chondr ocy t e s  i n  d i f f e r e n t  s t age s  o f  d i f f e r en t i a t i on ,  f r om th e  r es t i ng  
zone  ( f a r t he s t  f r om the  b one)  t o  t he  up per  and  lo wer  p r o l i f e r a t i ng  
zone s  ( c l os e r  t o  t he  b one)  a nd  the  h yp er t r oph i c  zon e  ( c lo se s t  t o  t he  
bone)  wh er e  c e l l s  a r e  t e r mina l ly  d i f f e r en t i a t ed ,  l a r g e r ,  and  a r e  
se c r e t i n g  the  e x t r a ce l l u l a r  ma t r ix  ( E C M)  tha t  o s t eob l as t s  wi l l  u s e  a s  
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a  t empl a t e  f o r  bo ne  f o r ma t ion .  S tud i e s  have  show n  tha t  p e r l e can  i s  
e s se n t i a l  f o r  l o ng  bon e  g r owt h  ( Ar ika wa- Hi r as awa ,  W ata nab e  e t  a l .  
1999 ;  C os t e l l ,  Gu s t a f s son  e t  a l .  199 9 ;  Has s e l l ,  Yam ada  e t  a l .  200 2)  
and  tha t  i t  i s  t h e  maj o r  HSPG in  d eve l op ing  g r o wth  p l a t e  c a r t i l age  
( Gov indr a j ,  We s t  e t  a l .  2002) . Wi thou t  pe r l e can ,  g r o wth  p l a t e  c e l l s  
do  no t  p r o l i f e r a t e  and  th e  ca r t i l ag e ,  an d  henc e  the  b one  t empl a t e ,  i s  
compr omi s ed .  No t  su r p r i s ing l y ,  pe r l e c an  nu l l  m i ce  a r e  f e t a l  d war v es  
and  d i e  b e f o r e  o r  sho r t l y  a f t e r  b i r t h  ( A r ikaw a- Hi r a sa wa ,  W atan abe  
e t  a l .  1999 ;  Co s t e l l ,  Gus t a f ss on  e t  a l .  1999) .  S i lve r m an- H andm ak er  
t ype  Dy s se gmen t a l  Dy sp l a s i a  ( D DSH)  and  Sch war t z - J amp el  
Syndr om e ( SJS )  a r e  t ype s  o f  hum an  dw ar f i sm a l s o  know n to  r e su l t  
f r om a  l o s s  o r  a l t e r a t i on  o f  pe r l ec an  ( Ar ikaw a- Hi r as aw a ,  Wi l co x  e t  
a l .  2001 ;  Ar i kaw a- Hi r as awa  and  Y ama da  2001 ;  Ar ika wa- H i r a saw a ,  
L e  e t  a l .  2002) .  T h i s  i nd i ca t es  t h a t  pe r l eca n  i s  n ec es sa r y  f o r  p r oper  
ske l e t a l  dev e lop men t .  
Whi l e  t he  i n t e r ac t ion  o f  p e r l ec an  wi th  compo nen t s  f oun d  in  
bas eme n t  membr ane s  i s  wid e ly  do cum e n ted ,  l e s s  i s  kn own  a bou t  t h e  
i n t e r a c t ion s  o f  p e r l ec an  wi th  t he  comp onen t s  i n  t h e  g r owt h  p l a t e .  
T he  a im  o f  t h i s  s t udy  w as  t o  i den t i f y  p e r l ec an– b ind i ng  p r o t e in s  
endog eno us  t o  t he  g r ow th  p l a t e  an d  to  char a c t e r i ze  t he i r  i n t e r ac t ion s  
wi th  pe r l ec an .  Us ing  p e r l ec an  a f f i n i t y  ch r oma togr a phy ,  p r o t e in  
seq uen c ing  and  immu noh i s to ch emi s t r y ,  we  iden t i f i ed  h i s t one  H 3  a s  
a  b ind in g  pa r tn e r  o f  pe r l eca n  and  as  a n  endog enou s  p r o t e in  i n  t h e  
g r owth  p l a t e .  U s ing  a  ca t i on i c  f i l t r a t i o n  b ind ing  as s ay ,  we  f u r th e r  
char a c t e r i ze d  H3’ s  i n t e r ac t i on  wi th  p e r l eca n  as  o ne  o f  h ig h  
spe c i f i c i t y  de pen den t  p a r t l y  on  p e r l e ca n ’ s  GA G ch a in s .   
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Expe r im ent a l  P roc edur es  
 
Sourc es  o f  P e r l e can ,  Ant ibod i e s  and  Ext ra ct .  
Per l ec an  w as  p u r i f i ed  f r om w ho le  f e t a l  bov ine  r i b  g r o wth  p l a t e s  
wi th  4 M guan id in e  hydr o ch lo r i de  e x t r a c t ion ,  c es i um ch l o r ide  
den s i ty  g r a d i e n t  ce n t r i f ug a t ion ,  s i z e  e xc lu s ion  ch r om atogr aphy  a nd  
ion  exc han ge  c h r omat ogr ap hy  ( Gov ind r a j ,  We s t  e t  a l .  20 02) .  An t i -
h i s to ne  H3  an t ib ody  w as  f r om U ps ta t e  T echno logy  ( Char lo t t e sv i l l e ,  
VA,  USA)  an d  pe r l e ca n  an t i body  ( GPP 76)  wa s  f r om a  comm er c i a l  
se r v i ce  ( t h r o ugh  I nv i t r oge n  Bio t ec h )  u s ing  g r o wth  p l a t e  p e r l e can  
pu r i f i ed  i n  o u r  l ab .  Gr ow th  p l a t e s  wer e  a l so  s l i c ed  t r a ns ver se ly  i n to  
s ix  sequ en t i a l  1  mm- th i ck  sec t ion s  a s  p r ev iou s l y  de sc r ib ed  ( P l a as  
and  San dy  199 3) .  T he  s l i ce s  wer e  r i n s e d  in  PBS  the n  the  c e l l -
su r f a ce  a nd  ex t r ac e l lu l a r  ma t r ix  b i o t in y l a t e d  f o r  30  minu t es  a t  r oom 
t emper a tu r e  wi th  0 . 5  mg/m l  Su l f o  NHS  L C Bio t in  ( P i e r ce  
Bio t echn o log y ,  Roc kf o r d ,  I L ,  USA)  in  PBS .  Af t e r  b lo ck in g  the  
un r ea c t e d  amin es  w i th  20  m M g ly c ine  and  a  f i n a l  r i n s e  i n  PBS ,  t h e  
ca r t i l age  s l i c e s  wer e  m inc ed  an d  ex t r a c t ed  f o r  1  ho ur  a t  4°C in  5  
vo lume s  o f  1%  Br i j - 97  ex t r ac t i on  bu f f e r  ( 1%  Br i j  97 ,  0 . 15  M N aC l ,  
20  mM T r i s  H Cl ,  2  µg /ml  l eup ep t in ,  10  µg /ml  ap r o t i n in ,  1  mM 
PMSF) .  T he  ex t r ac t  w as  cen t r i f uge d  an d  the  s o lub l e  mat e r i a l  
d i a ly zed  aga i ns t  wa t e r .    
 
P er le can  Af f in i t y  Ch rom at o graph y .  
Pur i f i ed  g r o wth  p l a t e  p e r l ec an  w as  con juga t ed  to  NH S- ac t iva t ed  
agar o se  b ea ds  ( GE  H ea l t hca r e ,  Upp sa l a ,  Swede n)  f o r  u s e  as  an  
a f f i n i t y  c o lumn.  On e  mi l l i g r am o f  pe r l eca n  ( o r  1  mg  o f  BSA a s  
con t r o l )  w as  add ed  to  a  1  ml  b ed  vo lu me o f  wa she d ,  HCl - ac t i va t ed  
NHS- ag ar o se  s lu r r y  i n  co up l i ng  bu f f e r  ( 0 . 2  M NaH CO 3 ,  0 . 5  M 
NaC l ) .  T he  mix tu r e  w a s  i ncu ba t ed  a t  r oom t emp er a tu r e  f o r  5  hour s ,  
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t he  l i qu i d  d r a in ed  a nd  the  u n r ea c t e d  a mine s  on  the  b ea ds  b l ock ed  
wi th  0 . 1  M T r i s  HCl  o ver n i gh t  a t  4 °C.  T he  bea ds  w er e  w as hed  
seq uen t i a l l y  wi th  P BS ,  PBS/1  M Na Cl  and  co l d  wa t e r .  T hey  wer e  
t hen  w as hed  th r ee  t im es  wi th  a l t e r n a t i ng  pH 11  ( 0 . 1  M N a 2 C O 3  /  0 . 5  
M Na Cl )  an d  pH 4  ( 0 . 1  M sod i um ac e t a t e  /  0 . 5  M Na Cl )  bu f f e r s .  
Af t e r  a  wa sh  i n  10  mM N a 2 C O 3  and  th e n  in  PBS ,  t he  b ead s  wer e  
i ncub a te d  over n igh t  a t  4 °C w i th  t he  1 %  Br i j - 97  /  0 . 15  M N a Cl  
ex t r a c t  o f  ce l l - su r f ac e  b io t in y l a t ed  g r o wth  p l a t e  c a r t i l ag e .  P r o t e i ns  
wer e  e l u t e d  f r om the  co lumn by  a  non- con t in uou s  g r ad i en t  o f  N aC l  
a t  0 . 15 ,  0 . 5 ,  1 . 0  and  1 . 5  M.  On e  mi l l i l i t e r  f r ac t i o ns  w er e  c o l l e c t e d  
a t  ea ch  g r ad i en t  s t e p :  ha l f  o f  e ac h  f r ac t i on  wa s  r un  on  S DS- PAGE  
and  b lo t t ed  f o r  b io t in  o r  s t a in ed  wi t h  Coom as s i e .  T he  ban ds  e lu t i n g  
a t  13 - 19  k Da  ( p13 /17 /1 9)  on  the  Coom as s i e - s t a ine d  ge l  o f  t h e  1 . 5  M 
e lua t e  wer e  ex c i s ed  u s ing  a  r azo r  b l ad e  and  sen t  t o  t he  K eck  
Fac i l i t y  ( Ya l e  Un iv er s i t y ,  Ne w Hav en ,  CN,  USA)  f o r  t r yp t i c  
d ige s t i o n ,  sep ar a t i on  o f  pe p t id es  by  r e ver s e  pha s e  ch r om atogr aphy ,  
and  s equ enc ing  o f  s e l e c t e d  pep t ide s .  
 
Glyco s ida se  Tr eat m ent  o f  P er l ec an .  
One mic r ogr am o f  p e r l e can  p r o t e in  ( 2 0 0  ng  GAG e qu iv a l e n t )  wa s  
e i t he r  sha m-  d ige s t ed  o r  d ig es t ed  s ep ar a t e ly  w i th  e i t he r  
chondr o i t i n as e  AB C ( C’ as e ,  20  mU)  to  r emove  c hondr o i t i n  su l f a t e  
GAG s,  o r  wi th  H epar i t i na se s  I  and  I I  ( H’ as e ,  10  mU e ach)  t o  r e mov e  
hepar an  s u l f a t e  GA Gs.  T he  d i ge s t i on  w as  i n  0 . 2  ml  o f  d i ge s t i on  
bu f f e r  ( 20  mM T r i s - HC l ,  50  mM sod i u m ace t a t e ,  5  m M Ca Cl 2 ,  an d  
0 . 2  mg/ml  BS A,  pH 7 . 4 )  f o r  3  hour s  a t  37°C.  Al l  enz yme s  a r e  f r om 
As soc i a t es  o f  Cap e  Co d ,  E as t  Fa l mou t h ,  MA.  
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Cat ion i c  F i l t ra t ion  ( C AF )  As say .  
His t one  b i nd in g  to  pe r l eca n  wa s  de t e r mined  u s in g  the  C AF a ss ay  a s  
p r ev iou s l y  de sc r ib ed  ( For s t en  and  Nu g en t  200 1) .   I n  b r i e f ,  H i s to ne  
H3  ( H3 ;  R och e  Bio ch em,  I nd i an apo l i s ,  I N ,  USA)  was  l abe l ed  u s in g  
I ODO- G en- co a t e d  tub es  ( P i e r ce  Bio t ec h )  and  s od ium io d ide  ( N a 1 2 5 I ,  
Pe r k in - E lmer ,  B os t on ,  M A,  USA)  by  th e  es t ab l i sh ed  C h iz zon i t e  
method  ( For s t en  and  Nug en t  200 1) .  T wo  nanogr am s o f  1 2 5 I - H3  wer e  
adde d  to  CAF b uf f e r  ( 0 . 15  M Na Cl ,  50  mM T r i s ,  2  mg/ml  B SA)  wi th  
8  ng  o f  g r owth  p l a t e  p e r l e can  p r o t e i n  ( equ iv a l e n t  t o  1 . 6  ng  o f  
g lyco sa minog lyc an s  [ GAG] )  a s  p r e v iou s ly  d es c r ibe d  f o r  de t e r m in ing  
pe r l e can /F GF  in t e r ac t ion s  ( Ri sk e ,  Ch iz zon i t e  e t  a l .  19 90 ;  For s t en  
and  Nu gen t  2 001 ;  Smi t h ,  We s t  e t  a l .  2006)  .  As  com pet i t o r ,  
chondr o i t i n  su l f a t e  C  o r  bo v in e  k idn ey  hepar a n  su l f a t e  ( S i gma,  S t .  
L ou i s ,  M O,  USA)  wa s  ad ded  a t  con ce n t r a t i on s  f r om 0  to  160  n g ,  t ha t  
i s  0  t o  100- f o ld  o f  t he  p e r l e can  G AG e qu iva l en t  u se d .  T he  r ea c t ion  
was  i ncu ba t ed  a t  30 °C b ef o r e  f i l t e r ing  th r ough  Z e t a - P r ob e  
membr a ne  ( Bi oR ad ,  Her c u le s ,  CA,  US A)  and  co un t in g  the  me mbr an e  
in  a  T M An a ly t i c  Mo de l  11 91  gam ma c oun te r .  A s  con t r o l s ,  ma tch ing  
incub a t io ns  w er e  do ne  wi t h  on ly  1 2 5 I - H 3  and  the  0  t o  160  ng  o f  
comp et i t o r  bu t  n o  pe r l eca n .  T o  iden t i f y  whe th er  t he  b i nd in g  o f  t he  
r ad io l abe l ed  h i s to ne  to  p e r l ec an  inv o lv ed  pe r l eca n ’ s  G AG s ide  
cha i ns ,  t h e  CAF w a s  pe r f o r me d  wi th  1 2 5 I - H3  and  s ham- d ige s t e d ,  
Chon dr o i t i n a se  A BC- d ige s t e d  o r  Hep ar i t i na se - d ige s t e d  pe r l ec an .  
 
 
Im m unohi s t och em i st ry .  
F r ozen  t r ans ver se  se c t ion s  o f  wh o le  g r owth  p l a t e  c a r t i l a ge  w er e  
f i xed  in  a ce t one ,  r i n sed  i n  PBS  an d  b l ocke d  wi th  1%  h ea t -
i nac t iva t ed  go a t  s e r um ( HI GS)  a t  37°C  humid i ty .  T he  se c t ion s  w er e  
i ncub a te d  wi th  bo th  mou se  an t i - H 3  ( U ps t a t e )  an d  r abb i t  an t i -
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per l e can  ( GPP 76)  an t i bod i es  ( eac h  d i lu t ed  1 :50  i n  PBS)  t he n  wi th  
bo th  T RI T C- con j uga t ed  an t i - mou se  an d  F I T C- con j uga t ed  an t i - r abb i t  
an t ibo d ie s  ( S igm a) .  T he  s l i d e s  wer e  m oun te d  in  aqu eou s  mou n t ing  
med ium ( P i e r ce  Bio t ech ) ,  co ver e d ,  se a l ed  and  t he  f l uo r es ce n t  
s ign a l s  de t ec t ed  wi th  a  mic r o sc ope .   
 
St at i s t i c s .  
Al l  mea su r emen t s  i n  t he  b in d ing  a s sa y s  a r e  r e por t e d  as  t he  me an  o f  
t h r ee  o r  mor e  r ep l i ca t es  ±  s t and ar d  e r r o r  o f  t he  mea n .  
 
 
 
Res u l t s  
 
P er l e can  Af f in i t y  Ch rom at o graph y .  
Poten t i a l  pe r l ec an - b i nd ing  p r o t e in s  i n  t he  dev e lo p ing  bo v ine  r i b  
g r owth  p l a t e  w er e  i so l a t ed  b y  b io t i ny l a t i ng  th e  t i s su e ,  ex t r ac t i n g  
wi th  mi ld  d e t e r g en t  ( Br i j  97 ) ,  app l y ing  the  ex t r a c t  t o  a  p e r l e can  
a f f in i t y  c o lumn and  e l u t ing  t he  bou nd  p r o t e in s  wi t h  a  s t ep  g r a d i e n t  
o f  i nc r e as i ng  Na Cl .  F igu r e  19  s how s a n  an t i - b io t in  W est e r n  b lo t  o f  
se l ec t ed  f r ac t i on s  e lu t ed  f r om a  p e r l e c an  co lu mn ( +)  an d  a  BSA 
con t r o l  co lum n ( - ) .  T he  band s  a t  13 ,  1 7  and  19  k Da  th a t  e lu t ed  a t  
h igh  s a l t  co nc en t r a t i on s  wer e  con s id e r ed  s t r o ng  b in d ing  p a r tne r s  o f  
pe r l e can .  T he  l ane  l abe l ed  “ *”  s how s a  Cooma s s i e  b lue  s t a i n  o f  a  
1 . 5  M s a l t  f r ac t i on  f r om th e  pe r l e ca n  a f f in i t y  co l umn.  T he  ba nd s  
l abe l ed  p1 3 ,  p17  and  p 19  wer e  ex c i sed  f r om the  ge l  a nd  
char a c t e r i ze d  by  s equ enc ing .  T h i s  i d en t i f i ed  p1 3  as  h i s t one  H 4 ,  p17  
as  h i s to ne  H2 A,  and  p1 9  a s  h i s tone s  H 2B an d  H3  ( Ke ck  f a c i l i t y ,  
Ya le  U n iv er s i t y ,  F igu r e  19 ) .   
 
 118 
Cat ion i c  F i l t ra t ion  A s say .  
T he  ins e t  i n  F igu r e  20  s how s th a t  t he  r e t en t ion  o f  r ad i o l ab e l e d  
Hi s t one  H 3  on  the  ca t i on i c  Z e t a - p r ob e  f i l t e r  wa s  s ign i f i can t ly  
h igher  i n  t h e  p r e se nce  o f  p e r l e can  ( b l a ck  ba r )  com par e d  to  i t s  
r e t en t i on  in  t h e  ab sen ce  o f  p e r l e can  ( w h i t e  ba r ) .  T he  ma in  f i gu r e  
sho ws th a t  t h i s  i n t e r ac t ion  w as  n o t  ye t  50%  inh ib i t ed  ev en  wi t h  t he  
add i t i on  o f  100- f o l d  ex ce ss  o f  c omp et i ng  chon dr o i t i n  su l f a t e  a nd  
hepar an  s u l f a t e  ( CS  an d  HS) .   Bo th  G A Gs p r od uc ed  s i mi l a r  
i nh ib i t o r y  e f f e c t s  o n  the  b i nd ing  o f  H 3  to  pe r l ec an .  T he  e nzym at i c  
r emova l  o f  chon dr o i t i n  su l f a t e  G AG s f r om the  co r e  p r o t e i n  o f  
pe r l e can  r e duc ed  i t s  b ind i ng  to  r ad io l a be l e d  h i s t one  H3  by  17%  
wher e a s  r emov a l  o f  t he  h epar an  s u l f a t e  cha in s  r ed uce d  the  b i nd ing  
by  38%  ( F igur e  2 1 ) .  
 
Im m unohi s t och em i st ry .  
T he  loca t ion  o f  bo th  pe r l ec an  and  h i s t one  H3  in  a  r ep r e se n ta t i ve  
t r ans ver se  sec t ion  o f  t h e  g r owt h  p l a t e  i s  s hown  as  d e t e r mi ned  b y  
s t a i n ing  w i th  an t ibod i e s  t o  pe r l ec an  an d  H3  ( F igu r e  22 ) .  Pe r l ec an  i s  
l oca l i ze d  to  t he  t e r r i t o r i a l  ( o r  pe r i c e l l u l a r )  ma t r ix  a r ound  t he  c e l l .  
H i s t one  H 3  a l so  l oc a l i ze s  t o  t h i s  a r e a  i n  t he se  i n t ac t  ( i e .  no n-
per me ab i l i zed )  c e l l s .  T her e  a r e  a r e as ,  howe ver  ( * )  wher e  ea ch  
p r o t e in  i s  p r e se n t  s epar a t e l y  f r om the  o the r .  T he  da sh ed  r e c t an g le  
sho ws a  t yp i c a l  ch ondr o cy t e  ( c l e a r  r eg ion )  wi th  i t s  s u r r ound i ng  
t e r r i t o r i a l / pe r i ce l l u l a r  m a t r ix  d i r e c t l y  a r ound  th e  c e l l .  I n  t he  r i gh t  
pane l s ,  t h e  neg a t iv e  con t r o l s  ( s t a i ned  on ly  wi th  F I T C- con juga t ed  o r  
T RI T C- con jug a t ed  se cond ar y  an t ibod y  and  no  p r im ar y  an t ibod y)  
sho wed  no  b ac kgr oun d  s t a in in g  o f  t he  se c t ion s .  
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Dis cus s io n  
 
T he  r es u l t s  o f  o u r  s tu dy  ind i ca t e  t ha t  h i s ton e  H3  i s  p r e se n t  i n  
t he  pe r i ce l l u l a r  ma t r ix  o f  t he  chon dr oc y te s  i n  t he  d eve l op in g  g r owth  
p l a t e ,  wh er e  i t  c o lo ca l i ze s  wi th  t he  p r o t eog ly ca n  pe r l e ca n .  
Chr om atogr aphy  o f  a  mi ld  Br i j - 9 7  ex t r ac t  o f  de ve lo p ing  g r o wth  
p l a t e  ca r t i l age  o ver  a  p e r l e can  a f f i n i t y  co lumn ( F ig ur e  19 )  s how ed  
the  co r e  h i s tone s  H 2A,  H2 B,  H3  and  H 4  as  p e r l ec an - b i nd in g  
p r o t e in s .  P r ev i ou s  sc i en t i f i c  s tud i es  h a ve  sh own  th a t  h i s ton e s ,  bo th  
f r ee  and  compl exe d  in to  nu c l e os ome s ,  can  b in d  to  he par in  a nd  to  
hepar an  s u l f a t e  ( Schmi ede ke ,  S to ck l  e t  a l .  1989 ;  Bi lozu r  and  B i s wa s  
1990 ;  W at son ,  Goo der h am e t  a l .  19 99 ;  Henr iq uez ,  Ca sa r  e t  a l .  
2002) .  Wat so n  e t  a l  ( W at son ,  Goo der h am e t  a l .  199 9)  conf i r m ed  th a t  
h i s to ne s  wer e  p r e sen t  on  the  p l a sma  m embr an e  o f  ac t i va t ed  T -
lympho cy t es .  T h i s  p r e sen ce  o f  nu c l e os ome s  on  the  T - c e l l  p l a sm a  
membr a ne  de c r e as ed  by  90  %  i f  t he  ce l l s  wer e  d ig es t ed  wi t h  
hepar i na se  o r  h epar i t i na se  -  en zym es  t ha t  c l eav e ,  r e sp ec t ive l y ,  
r eg ion s  o f  h igh  and  lo w su l f a t i o n  in  he par an  su l f a t e .  T hey  
conc lude d  tha t  h epar an  su l f a t e  p r o t eog lyca ns  k ep t  t h e  h i s tone s  
bound  to  t h e  c e l l  s u r f ac e .  Schmi ede ke  e t  a l  ( Schm ied eke ,  S to ck l  e t  
a l .  1989)  a l so  sho wed  b i nd ing  o f  h i s t o nes  t o  hep ar an  su l f a t e .  I n  
t he i r  wor k ,  t h e  hep ar an  su l f a t e  w as  a  p a r t  o f  t he  g lom er u l a r  
bas eme n t  membr ane  o f  t he  k id ney ,  t h e  o r gan  f r om whi ch  p e r l e can  
was  i den t i f i ed  as  a  m ajo r  HSP G.  T hey  even  p r opo sed  t ha t  t h e  
h i s to ne s  p r e se n t  i n  nu c l eo som e s  c i r cu l a t i ng  in  t h e  k id ney  c ou ld  a t  
som e  po in t  swi t ch  t h e i r  nuc l eo som al  D NA par tn e r  f o r  t he  g l omer u l a r  
HSPG,  t o  wh i ch  the y  boun d  mor e  a v id l y  t han  to  D NA.  Al so ,  
r e se a r ch er s  ( Bi lo zu r  an d  Bi sw as  19 90)  have  p a r t i a l l y  pu r i f i e d  and  
char a c t e r i ze d   sp ec i f i c  hep ar an  su l f a t e  b ind ing  p r o t e in s  i n  a  l u ng  
ca r c i noma ce l l  l i ne  an d  ide n t i f i e d  t he m as  h i s ton e s .  
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T he  b ind in g  o f  h i s ton es  t o  h epar an  su l f a t e  wo u ld  be  o f  l i t t l e  
phys io log ica l  s i g n i f i c anc e  i n  t i s s ue s  i f  t he  h i s tone s  w er e  co nf ine d  to  
t he  ce l l  nuc l eu s .  How ever ,  h i s to ne s  ha ve  be en  f ound  i n  ex t r a ce l lu l a r  
ma t r ix ,  i n  cy t op l asm,  a nd  on  p l asm a  m embr an e  o f  non- apop t o t i c  
ce l l s  ( M ech er i ,  Dan nec ker  e t  a l .  1993 ;  Wat son ,  E dw ar ds  e t  a l .  1995 ;  
Henr iq uez ,  Ca sa r  e t  a l .  2002) .  He nr iqu ez  e t  a l  hav e  sh own  h i s to ne  
H1  to  be  i n  ske l e t a l  mu sc l e  ce l l  ex t r a c e l lu l a r  ma t r ix ,  wh er e  i t  
co lo ca l i ze s  wi th  p e r l e can  ( H enr iq ue z ,  Ca sa r  e t  a l .  2002) .  M ech er i  e t  
a l  f ound  th a t  t h e  nuc l eo som al  co r e  h i s t one  H2 B wa s  e xpr e s sed  
s t r ong ly  on  th e  su r f ace  o f  B  ce l l s  i so l a t ed  f r om hum an  per i pher a l  
b lood  ( M ec her i ,  Da nne cker  e t  a l .  1993 ) .  Wat so n  e t  a l  h ave  a l s o  
docum en t ed  the  p r es en ce  o f  h i s ton es  o n  T - ce l l  s u r f ac e  ( Wat so n ,  
E dwar d s  e t  a l .  19 95) .  T hes e  p r ev iou s  r esu l t s  h e lp  t o  supp or t  ou r  
f i nd ing s  t ha t  t he  h i s to ne s  ca n  ex i s t  ex t r ace l l u l a r l y  i n  cho ndr oc y te s .  
T he  l abe l ing  o f  t h e  h i s ton es  b y  the  c e l l - imper me ab l e  b io t i ny l a t i on  
r eage n t  Su l f o  N HS- L C- b io t in  ( F igu r e  1 9 ) ,  t he i r  ex t r a c t i o n  f r om 
ca r t i l age  w i th  t he  m i ld  Br i j - 97  de t e r ge n t  and  th e  
immunoh i s t och emi s t r y  o f  t he  ex t r a ce l l u l a r  ma t r ix ,  i n d i c a t e s  t ha t  t he  
h i s to ne s  a r e  i n  t he  g r o wth  p l a t e  c hondr ocy t e  mat r ix ,  i n  t h e  s ame  
r eg ion  a s  p e r l ec an .  
T he  in t e r ac t io n  o f  pe r l eca n  wi th  h i s to n e  H3  wa s  ch ar a c t e r i zed  
us in g  the  c a t i o n i c  f i l t r a t i on  a s sa y  ( F ig u r es  2 0  and  21 ) .  T he  b i nd in g  
cu r ve s  s how th e  i n t e r ac t ion  b e twe en  H 3  and  pe r l ec an :  50%  
inh ib i t i on  o f  t h i s  b ind ing  w as  n o t  r ea c hed  ev en  wi t h  add i t i on  o f  
100- f o ld  c ompe t ing  c hondr o i t i n  su l f a t e  and  hep ar an  su l f a t e  ( F igu r e  
20 ) .  H i s to ne  H3  h a s  bee n  sh own  to  b in d  hepar an  s u l f a t e  i n  l ung  
t i s sue  ( Bi lo zu r  and  Bi swa s  19 90) .  How ever ,  i n  ou r  a s say ,  i t  see ms to  
be  b ind i ng  pe r l ec an ’ s  chon dr o i t i n  su l f a t e  GA G s as  we l l .  T he  CAF 
as sa y  a l so  sh ow s tha t  t he r e  r e main s  so me b ind i ng  tha t  can no t  be  
i nh ib i t ed  co mple t e ly  b y  comp et in g  GA Gs an d  tha t  r emov a l  o f  
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chondr o i t i n  su l f a t e  f r om per l ec an  r ed u ced  i t s  b ind ing  to  
r ad io l abe l ed  h i s to ne  H3  b y  17%  and  r e mova l  o f  t h e  hep ar an  su l f a t e  
cha i ns  r e duc ed  the  b ind in g  by  38%  bu t  d id  no t  e l imi na t e  b ind ing  
( F igu r e  21 ) .   T h i s  sugg es t s  t h a t  t h e  co r e  p r o t e i n  o f  pe r l e can  i s  
con t r ib u t ing  to  t he  b in d ing  o f  h i s to ne  H3 .   
T he  immuno s t a in in g  o f  t he  g r o wth  p l a t e  sho ws p a r t i a l  over l ay  o f  
h i s to ne  H3  and  p e r l e can  ( F ig  2 2 )  g iv in g  mor e  su ppor t  t o  t h e  i n  v i t r o  
i n t e r a c t ion  se en  b e twe en  th e  two .  T her e  i s  no  s ign a l  f o r  t he  p r o t e in s  on  
the  cho ndr o cy te  i t s e l f  ( t he  c l ea r  r e g ion  in  t he  da sh ed  r ec t ang l e )  bu t  
s t a i n ing  i s  ap par e n t  i n  t he  m at r ix  imm edia t e ly  su r r oun d ing  th e  c e l l  
( t e r r i t o r i a l  o r  p e r i c e l l u l a r  ma t r ix )  a nd  in  t he  i n t e r t e r r i t o r i a l  ma t r ix  
be tw een  th e  ce l l s .  T her e  i s  b o th  mor e  i n t en se  a nd  mor e  w ide l y  d i s t r i bu t ed  
s t a i n ing  f o r  p e r l ec an  th an  f o r  h i s ton e  H3 ,  wh ic h  i s  e xpe c t ed  s in ce  
pe r l e can  i s  kno wn  to  b e  t he  ma jo r  HSP G in  t he  ex t r ac e l lu l a r  ma t r i x  o f  t he  
g r owth  p l a t e  ( G ov indr a j ,  We s t  e t  a l .  2002)  and  i s  co ns i de r e d  to  be  a  
s t r uc tu r a l  c ompo nen t  a s  w e l l .  No t e  t ha t  des p i t e  t h e  ex t en s iv e  
co lo ca l i za t i on  o f  t he  t wo  p r o t e in s ,  t he r e  a r e  s t i l l  a r e a s  wher e  on ly  
pe r l e can  ( g r een )  o r  H3  ( r e d )  f l uo r e sc e nce  i s  de t ec t ed .  
A  number  o f  s tud i e s  hav e  sh own  th e  b i nd ing  o f  h i s ton e s  t o  hep ar an  
su l f a t e  an d  pe r l eca n  ( Schmi ede ke ,  S to ck l  e t  a l .  19 89 ;  B i loz u r  and  Bi s wa s  
1990 ;  W at son ,  Goo der h am e t  a l .  19 99 ;  Henr iq uez ,  Ca sa r  e t  a l .  2002) .  
Howe ver ,  ou r  i de n t i f i c a t i o n  o f  h i s tone  H3  in  t he  d eve lop in g  g r owt h  p l a t e  
ca r t i l age  a nd  th e  i nvo l vem en t  o f  t he  G AG ch a in s  and  th e  co r e  p r o t e in  o f  
pe r l e can  in  H3  b ind ing  a r e  nove l  f i nd i ngs .  Fu r th e r mor e ,  t h e  d i s cov er y  o f  
t he  h i s ton e’ s  p r o x imi ty  t o  pe r l eca n  in  g r owth  p l a t e  c a r t i l age  sup por t s  t he  
pos s ib i l i t y  o f  i n  v i vo  in t e r ac t ion s  be t w een  th e  two .  T he se  d a t a  h i gh l ig h t  
new po s s ib i l i t i e s  f o r  de sc r i b ing  th e  f u nc t ion  o f  p e r l e can  i n  ce l l  
p r o l i f e r a t i on  no t  on ly  t h r o ugh  g r o wth  f ac to r s  an d  ce l l - s ig na l i ng  mol ecu l e s  
( I ozzo ,  Co hen  e t  a l .  199 4 ;  Mo ng ia t ,  T ay lo r  e t  a l .  200 0 ;  Gov indr a j ,  We s t  e t  
a l .  2006 ;  Smi t h ,  We s t  e t  a l .  2006)  bu t  a l s o  v i a  e l eme n t s  o f  t he  
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t r ans c r ip t i ona l  m ach iner y  i t s e l f .  T h i s  i n t e r a c t ion  cou ld  a l l ow p er l e ca n  to  
exer t  a  d i r ec t  l eve l  o f  con t r o l  on  cho n dr ocy t e  ac t i v i t y ,  a s  ha s  p r e v iou s ly  
been  sho wn  f o r  pe r l eca n  and  h i s t one  H 1  in  r egen er a t i ng  mu sc l e  ce l l s  
( Henr iqu ez ,  C a sa r  e t  a l .  2002) .  
I n t e r e s t i n g ly ,  i n  add i t i on  to  o u r  da t a  s howing  h i s t one  H 3’ s  co -
occur r enc e  and  i n t e r a c t io n  wi th  p e r l e c an  in  t he  g r owth  p l a t e ,  t h e  
ch r oma t in  a s soc i a t i n g  p r o t e i ns  h i s t one  deac e ty l as e  ( HD AC) - 3  a nd  HD AC4 
a r e  a l so  kn own to  a f f ec t  c hondr ocy t e  a c t i v i t y  and  lo ng  bon e  g r owt h .  
HDA C3,  wh i ch  r emo ve s  ac e ty l  g r o up s  f r om the  co r e  h i s tone s  t o  c au se  
gene  r e p r e ss ion ,  i s  k nown  t o  r egu l a t e  o s t eob l as t  d i f f e r en t i a t i on  an d  bon e  
f o r mat ion  b y  inh ib i t i ng  th e  o s t eo ca l c in  gene  v i a  t he  c hondr ocy t e - s pe c i f i c  
r unx2  t r an sc r ip t i o n  f ac to r  ( Sc hr oe der ,  Kah l e r  e t  a l .  200 4) .  Os t eob l as t s  a r e  
t he  ce l l s  t ha t  r ep l ac e  t he  m iner a l i z ed  c a r t i l ag e  mat r i x  p r odu ced  b y  g r owth  
p l a t e  chon dr ocy te s  wi th  a  co l l age n- r i c h  mat r ix ,  l ea d ing  to  t he  f o r ma t ion  
o f  new bon e .  
HDA C4 i s  a l so  kno wn to  co n t r o l  bo ne  f o r mat ion  v i a  r unx 2  by  
inh ib i t i ng  the  h yper t r oph i c  cho ndr oc y t e  phen o typ e ,  a l l ow ing  p r o l i f e r a t i ng  
chondr ocy t e s  t o  avo i d  p r em atu r e  h yper t r ophy  an d  thu s  p r em atu r e  ca r t i l age  
os s i f i c a t i on  ( V eg a ,  Mat su da  e t  a l .  200 4) .  One  mec han i sm b y  wh ic h  
HDA C4 do es  t h i s  i s  by  suppr es s in g  ac e ty l a t i o n  o f  h i s ton e  H3  on  th e  r unx2  
p r omote r .  Wi t h  HDA C4 abs en t  i n  a  mo use  k noc kou t  mo de l ,  t he r e  i s  n o  
dea ce ty l a t i o n  o f  H3  on  th e  r unx2  p r om ote r  and  t he  r unx 2  gen e  be come s  
ac t iv e ,  l ea d ing  to  p r emat u r e  hyp er t r op hy  o f  chon dr ocy te s  and ,  t hu s ,  
p r emat u r e  o ss i f i ca t i on  o f  s ke l e t a l  e l em en t s .  Bec au se  o f  t h i s ,  t h e  HDA C4 
nu l l  m ic e  su f f e r  f r om f e t a l  d war f i sm,  d ec r e as ed  mob i l i t y  du e  to  bon e  
mal f o r mat ion  a nd  an  in ab i l i t y  t o  b r e a t he  due  to  t ho r a c i c  d e f o r mi t i e s ,  
cha r a c t e r i s t i c s  a l l  see n  in  t he  p e r l e can  knocko u t  mou se  mo de l .  Pe r h ap s  
t he  i n t e r ac t ion s  be t we en  pe r l ec an  an d  h i s to ne  H3  a l so  i nvo lve  H DA C4 an d  
r unx2  in  co n t r o l l i ng  a spe c t s  o f  t he  c o mplex  m ech an i sm o f  l ong  b one  
g r owth .   
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F igure s  
F igure  19 .   
 
Af f in i t y  pu r i f i ca t i on  o f  pe r l ec an ’ s  b in d ing  pa r t ne r s .  An t i - b i o t in  w es t e r n  
b lo t  o f  s e l e c t ed  f r a c t i o ns  f r om a  mi ld  de t e r g en t  e x t r a c t  i nc uba t ed  ov er  a  
pe r l e can  a f f i n i t y  c o lumn ( +)  o r  a  con t r o l ,  BSA- co up l ed  co l umn ( - )  a r e  
sho wn .  T he  0 . 15  M wa she s  an d  s e l e c t e d  sa l t  e lua t e s  a t  0 . 5  M and  1 . 0  M 
a r e  sh own .  T he  b and s  f o r  p13 ,  p17  and  p19  a r e  i nd i ca t ed  in  t h e  l an e  
l abe l ed  “ *”  s howi ng  a  C ooma s s i e  s t a in  o f  a  1 . 5  M e lu a t e  f r a c t i on .  T he  
p13 /17 /19  ba nd s  wer e  i nd iv i dua l ly  ex c i se d  and  sen t  t o  t he  K eck  f a c i l i t y  
f o r  sequ en c ing .  
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F igure  20 .  
 
Cat i on ic  F i l t r a t i o n  ( CAF)  A s say s  show  tha t  pe r l eca n  b ind s  t o  1 2 5 I - h i s ton e  
H3 .  T he  b ind i ng  o f  H3  wi t hou t  ( - )  and  wi th  ( +)  8  ng  o f  pe r l ec an  i s  sh own  
in  CPM i n  t he  i n se t .  Spec i f i c  b in d ing  i s  t he  d i f f e r en ce  b e twe en  b i nd ing  o f  
H3  to  t he  Z e t a - P r ob e  membr ane  w i th  p e r l ec an  in  t h e  r ea c t ion  mi nu s  t he  
nons pe c i f i c  b i nd ing  t o  t he  Z e t a - P r obe  a lon e .  T he  sp ec i f i c  b ind i ng  to  
pe r l e can  i s  ca l cu l a t e d  and  sho wn  a s  %  o f  con t r o l  i n  t he  p r e se nc e  o f  
comp et i t o r s  i n  t he  m ain  f i gu r e .  Un la be l ed  com pet i t o r s  w er e  e i t he r  
chondr o i t i n  su l f a t e  C  ( CS)  o r  bov in e  k idney  h epar an  s u l f a t e  ( HS) .  
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F igure  21 .  
  
E f f ec t  o f  chon dr o i t i na se  a nd  hep ar i t i n as e  p r e - t r e a tme n t  on  th e  b ind i ng  o f  
pe r l e can  to  1 2 5 I - h i s ton e  H3 .  E igh t  n ano gr ams o f  p e r l e can  w a s  f i r s t  
d ige s t e d  wi th  Chon dr o i t i n as e  A BC or  wi th  He par i t i na se  I  an d  I I  f o r  3  
hour s  a t  37°C or  wa s  l e f t  un d ig es t ed  b e f o r e  be ing  u sed  i n  t he  C AF a ss ay s .   
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F igure  22 .  
 
I mmuno lo ca l i za t i on  o f  Hi s to ne  H3  and  Per l ec an  in  t h e  dev e lop i ng  g r ow th  
p l a t e .   I mmun oh i s toc hemi s t r y  o f  g r o wt h  p l a t e  se c t ion s  show s th e  p r e sen ce  
o f  pe r l e can  ( g r e en )  an d  h i s ton e  H3  ( r e d ) .  T he  mer ged  im age  sho ws t he  
co lo ca l i za t i on  o f  t he  t wo  p r o t e in s  ( ye l l ow/o r a nge  c o lo r )  an d  se l ec t ed  
a r ea s  wh er e  t h e  two  a r e  se par a t e  ( * ) .  A  r ep r e sen ta t i v e  ch ondr o cy t e  i s  
ou t l i n ed  wi th  a  da she d  r ec t ang l e  i n  e ac h  pane l .  I n  t h e  t op  p ane l ,  t h e  c l e a r  
chondr ocy t e  ce l l  body  and  th e  s t a in ed  pe r i c e l l u l a r / t e r r i t o r i a l  m a t r ix  
a r ound  th e  c e l l  a r e  sho wn .  Sca l e  ba r s  =  10  mic r o n .  T he  r i gh t  pa ne l s  s how 
the  con t r o l  s t a in i ng  wi t h  on ly  l abe l ed  se cond ar y  an t ibod y  bu t  no  p r im ar y .   
 
 
 
 128 
Ref e renc e s  F or  P ape r  I II  
 
Ar ikaw a- Hi r as aw a ,  E . ,  A .  H .  L e ,  e t  a l .  ( 2002) .  "S t r uc tu r a l  a nd  
f unc t io na l  mu t a t io ns  o f  t h e  pe r l ec an  g ene  c au se  Sc hwar t z - J amp el  
syndr ome,  wi t h  myo to n ic  myo pa t hy  an d  chondr ody sp l as i a . "  Am J  
Hum Ge ne t  70 ( 5 ) :  1368- 7 5 .  
Ar ikaw a- Hi r as aw a ,  E . ,  H .  Watanab e ,  e t  a l .  ( 1999) .  "Per l ec an  i s  
e s se n t i a l  f o r  c a r t i l age  a nd  c epha l i c  d e ve lopm en t . "  Na t  G en e t  23 ( 3 ) :  
354- 8 .  
Ar ikaw a- Hi r as aw a ,  E . ,  W.  R.  Wi l cox ,  e t  a l .  ( 2001) .  " Dy ss egm en ta l  
dysp l a s i a ,  S i lv e r ma n- Han dma ker  t yp e ,  i s  ca us ed  by  f un c t io na l  n u l l  
mu ta t io ns  o f  t h e  pe r l ec an  ge ne . "  Na t  G ene t  27 ( 4 ) :  431- 4 .  
Ar ikaw a- Hi r as aw a ,  E .  and  Y.  Yamad a  ( 2001) .  " [ R o le s  o f  pe r l ec an  in  
deve lopm en t  an d  d i s ea se :  s t u d i e s  i n  kn ockou t  mice  and  hum an  
d i so r d er s ] . "  Se ik ag aku  73 ( 1 0 ) :  1257- 6 1 .  
Av ie ze r ,  D . ,  D .  Hech t ,  e t  a l .  ( 1994) .  " Per l ec an ,  ba sa l  l amin a  
p r o t eog lyc an ,  p r omot es  b a s i c  f i b r o b la s t  g r owth  f a c to r - r e cep t o r  
b ind in g ,  mi toge ne s i s ,  and  an g iog ene s i s . "  Ce l l  7 9 ( 6 ) :  100 5- 13 .  
Bi lo zu r ,  M.  E .  and  C.  Bi sw as  ( 19 90) .  " I den t i f i ca t i on  and  
char a c t e r i za t i on  o f  he par an  su l f a t e - b in d ing  p r o t e in s  f r om huma n  
lung  ca r c ino ma c e l l s . "  J  Bio l  Che m 26 5 ( 32 ) :  1969 7- 703 .  
Bor k ,  P .  and  L .  Pa t thy  ( 19 95) .  "T he  SE A modu l e :  a  ne w 
ex t r a ce l l u l a r  dom ain  a s soc i a t ed  wi t h  O - g lyco sy l a t i o n . "  P r o t e in  Sc i  
4 ( 7 ) :  1421- 5 .  
Co s t e l l ,  M. ,  E .  Gus t a f ss on ,  e t  a l .  ( 199 9) .  "Per l e can  m ain t a in s  t he  
i n t eg r i t y  o f  ca r t i l ag e  and  som e ba sem e n t  membr a ne s . "  J  Ce l l  Bio l  
147 ( 5 ) :  110 9- 22 .  
Fo r s t e n ,  K .  E .  and  M.  A .  Nuge n t  ( 2001 ) .  "Bind i ng  co ns t an t  
mea su r em en t s  f o r  i nh i b i to r s  o f  g r owth  f ac to r  b in d ing  to  h ep ar an  
su l f a t e  p r o t eog l yca ns . "  M etho ds  Mol  B io l  171 :  41 5- 26 .  
F r ench ,  M.  M. ,  S .  E .  Smi th ,  e t  a l .  ( 1999) .  "E xpr e ss i on  o f  t he  
hepar an  s u l f a t e  p r o t e og ly can ,  p e r l e can ,  du r ing  mou se  em br yog ene s i s  
and  pe r l ec an  ch ondr o gen i c  ac t i v i t y  i n  v i t r o . "  J  Ce l l  Bio l  1 45 ( 5 ) :  
1103- 15 .  
 129 
Govindr a j ,  P . ,  L .  Wes t ,  e t  a l .  ( 200 2) .  " I so l a t i on  a nd  ide n t i f i c a t i o n  
o f  t he  majo r  h epar an  su l f a t e  p r o t eog ly can s  i n  t h e  dev e lop i ng  bov ine  
r i b  g r owth  p l a t e . "  J  B io l  C hem 27 7 ( 22 ) :  19461- 9 .  
Gov indr a j ,  P . ,  L .  Wes t ,  e t  a l .  ( 200 6) .  " Modu la t i on  o f  FGF- 2  b in d ing  
to  chon dr ocy te s  f r om the  d eve l op in g  g r owth  p l a t e  by  p e r l e can . "  
Mat r i x  Bio l  2 5 ( 4 ) :  232- 9 .  
Hand l e r ,  M. ,  P .  D .  Yur chen co ,  e t  a l .  ( 1997) .  "D eve l opme n ta l  
expr e s s ion  o f  p e r l e can  du r ing  mur in e  e mbr yoge ne s i s . "  D ev  Dyn  
210 ( 2 ) :  130- 45 .  
Has s e l l ,  J . ,  Y .  Yam ada ,  e t  a l .  ( 2002) .  " Ro le  o f  p e r l e can  in  sk e l e t a l  
deve lopm en t  an d  d i s ea se s . "  Gly coco n j  J  19 ( 4 - 5 ) :  26 3- 7 .  
Henr iq uez ,  J .  P . ,  J .  C .  Cas a r ,  e t  a l .  ( 20 02) .  "E x t r ac e l lu l a r  ma t r i x  
h i s to ne  H1  b ind s  t o  pe r l ec an ,  i s  p r es en t  i n  r egen er a t i ng  s ke l e t a l  
mus c l e  a nd  s t imu la t e s  myob l a s t  p r o l i f e r a t i on . "  J  C e l l  Sc i  1 15 ( P t  
10 ) :  2041- 5 1 .  
Hun t l ey ,  J .  S . ,  P .  G .  Bush ,  e t  a l .  ( 200 3 ) .  "L ook ing  a t  t he  l i v i ng  
human  g r o wth  p l a t e . "  Cm aj  168 ( 4 ) :  4 5 9- 60 .  
I ozzo ,  R .  V .  ( 199 4) .  "Per l eca n :  a  ge m o f  a  p r o t eo g lyc an . "  Mat r ix  
Bio l  14 ( 3 ) :  203- 8 .  
I ozzo ,  R .  V . ,  I .  R .  Cohe n ,  e t  a l .  ( 1994) .  "T he  b io lo gy  o f  pe r l ec an :  
t he  mul t i f ac e t ed  h ep ar an  su lph a t e  p r o t eog ly can  o f  b as eme n t  
membr a ne s  and  p e r i c e l l u l a r  ma t r i ce s . "  Bioc hem J  302  ( P t  3 ) :  625-
39 .  
I ozzo ,  R .  V . ,  J .  P i l l a r i s e t t i ,  e t  a l .  ( 199 7) .  "S t r uc tu r a l  an d  f unc t i ona l  
char a c t e r i za t i on  o f  t h e  huma n  per l eca n  gene  p r om ote r .  
T r ans c r ip t i o na l  a c t i v a t ion  b y  t r an sf o r ming  g r owt h  f ac t o r - be t a  v i a  a  
nuc l ea r  f ac to r  1 - b ind ing  e l eme n t . "  J  Bi o l  Che m 272 ( 8 ) :  52 19- 28 .  
Me cher i ,  S . ,  G .  Dann eck er ,  e t  a l .  ( 199 3) .  "An t i - h i s t one  
au to an t ib od ie s  r e ac t  spe c i f i c a l l y  w i th  t he  B  c e l l  s u r f ac e . "  Mol  
I mmuno l  30 ( 6 ) :  5 49- 57 .  
Mong ia t ,  M. ,  K .  T ay lo r ,  e t  a l .  ( 2000) .  "T he  p r o t e in  c o r e  o f  t he  
p r o t eog lyc an  pe r l ec an  b in ds  spe c i f i ca l l y  t o  f i b r ob l as t  g r owth  f a c to r -
7 . "  J  B io l  C hem 27 5 ( 10 ) :  70 95- 100 .  
 
 
 130 
Noon an ,  D .  M. ,  A .  Fu l l e ,  e t  a l .  ( 199 1) .  "T he  com ple t e  s equ enc e  o f  
pe r l e can ,  a  b as eme n t  membr ane  h ep ar a n  su l f a t e  p r o t eog l yca n ,  
r evea l s  e x t e ns i ve  s imi l a r i t y  wi t h  l amin in  A  cha i n ,  l ow de ns i ty  
l i popr o t e in - r e cep to r ,  and  th e  neu r a l  c e l l  adhe s io n  mole cu l e . "  J  Bio l  
Chem 2 66 ( 34 ) :  2 2939- 4 7 .  
P l aa s ,  A .  H .  and  J .  D .  San dy  ( 199 3) .  " A  ca r t i l age  exp l an t  s ys t em f o r  
s tud i e s  on  ag gr ec an  s t r uc t u r e ,  b io syn t h es i s  an d  ca t abo l i sm i n  
d i s c r e t e  zon es  o f  t h e  mamm al i a n  g r owt h  p l a t e . "  M at r ix  13 ( 2 ) :  135-
47 .  
Ri s ke ,  F . ,  R .  Ch iz zon i t e ,  e t  a l .  ( 19 90) .  "M ea sur em en t  o f  
b io log i ca l ly  ac t i ve  i n t e r l euk in - 1  by  a  s o lub le  r ece p to r  b in d ing  
as sa y . "  An a l  Bi och em 185 ( 2 ) :  2 06- 12 .  
Schmie dek e ,  T .  M. ,  F .  W.  S tock l ,  e t  a l .  ( 1989) .  "Hi s ton es  h ave  h igh  
a f f in i t y  f o r  t h e  g lom er u la r  b as eme n t  m embr an e .  Re l ev anc e  f o r  
immune  compl ex  f o r mat ion  in  l u pu s  ne phr i t i s . "  J  E xp  Me d  169 ( 6 ) :  
1879- 94 .  
Schr oe der ,  T .  M. ,  R .  A .  Kah le r ,  e t  a l .  ( 2004) .  "H i s t one  d ea ce ty l a se  
3  i n t e r a c t s  wi th  r un x2  to  r ep r es s  t h e  os t eoc a l c i n  p r omot e r  and  
r egu la t e  o s t eo b la s t  d i f f e r en t i a t i o n . "  J  Bio l  C hem 2 79 ( 40 ) :  41 998-
2007 .  
Smi th ,  S .  and  J .  R .  H as se l l  ( 2006) .  "F o cus  o n  mole cu l es :  p e r l e can  
( HSPG2) . "  E xp  E ye  Re s  83 ( 3 ) :  4 71- 2 .  
Smi th ,  S .  M. ,  L .  A .  West ,  e t  a l .  ( 2006) .  "Hep ar an  a nd  ch ondr o i t i n  
su l f a t e  on  g r o wth  p l a t e  p e r l e can  m ed ia t e  b ind i ng  an d  de l iv e r y  o f  
FGF- 2  to  FGF  r ec ep t o r s . "  Ma t r ix  Bi o l .  
Sundar Ra j ,  N . ,  D .  F i t e ,  e t  a l .  ( 19 95) .  " Per l ec an  i s  a  com pon en t  o f  
ca r t i l age  m at r ix  an d  p r omot e s  chon dr o cy te  a t t a chme n t . "  J  Ce l l  Sc i  
108  ( P t  7 ) :  2663- 72 .  
Vega ,  R .  B . ,  K .  Mat sud a ,  e t  a l .  ( 2004) .  "Hi s ton e  de ace ty l a s e  4  
con t r o l s  ch ondr o cy t e  hyp er t r ophy  d ur i ng  sk e l e t oge ne s i s . "  C e l l  
119 ( 4 ) :  555- 66 .  
Wat son ,  K . ,  R .  J .  E dwar ds ,  e t  a l .  ( 199 5) .  "E x t r a - nu c l e a r  l oc a t ion  o f  
h i s to ne s  i n  a c t i v a t ed  h uman  p er iph er a l  b lood  lymp hoc y te s  an d  
cu l tu r ed  T - ce l l s . "  Bio chem Ph ar ma co l  50 ( 3 ) :  299- 3 09 .  
Wat son ,  K . ,  N .  J .  Good er ha m,  e t  a l .  ( 1 999) .  "Nu c le os ome s  b ind  t o  
ce l l  su r f a ce  p r o t eog l yca ns . "  J  Bio l  C he m 274 ( 31 ) :  21 707- 13 .  
 
131 
  
 
 
 
CHAP T ER THR EE 
 
CONC LUS IONS 
 
T h e  g r o w t h  p l a t e  i s  t h e  p r i m a r y  r e g u l a t o r  o f  e n d o c h o n d r a l  
b o n e  g r o w t h  i n  h u m a n s  a n d  a n i m a l s .  E n d o c h o n d r a l  b o n e s  a r e  
f o r m e d  f r o m  a  c a r t i l a g e  i n t e r m e d i a t e  t h a t  i s  s e c r e t e d  b y  c e l l s  
i n  t h e  g r o w t h  p l a t e  ( c h o n d r o c y t e s )  a n d  u s e d  a s  a  t e m p l a t e  f o r  
b o n e  p r o d u c t i o n  ( P i n e s  a n d  H u r w i t z  1 9 9 1 ) .  T h e  f o r m a t i o n  o f  
c h o n d r o c y t e s  f r o m  m e s e n c h y m a l  s t e m  c e l l s  ( M S C s )  i s  a  
c o o r d i n a t e d  p r o c e s s ,  r e g u l a t e d  m a i n l y  b y  t h e  t r a n s c r i p t i o n  
f a c t o r  S o x 9  ( H u a n g ,  C h u n g  e t  a l .  2 0 0 1 ) .  A l t h o u g h  t h e  g r o w t h  
p l a t e  h a s  o n l y  a  s i n g l e  c e l l  t y p e ,  t h e  c h o n d r o c y t e ,  t h e r e  a r e  
t h r e e  t r a n s v e r s e  z o n e s  o f  c h o n d r o c y t e s  a t  d i f f e r e n t  s t a g e s  o f  
a c t i v i t y  a n d  m a t u r i t y ,  r a n g i n g  f r o m  t h e  q u i e s c e n t  s t e m - l i k e  
‘ r e s t i n g ’  c h o n d r o c y t e s  n e a r e s t  t h e  e p i p h y s e a l  b o n e ,  t o  t h e  
a c t i v e l y  r e p l i c a t i n g  ‘ p r o l i f e r a t i n g ’  c h o n d r o c y t e s  a n d  t h e  
l a r g e r ,  l e s s  a c t i v e  ‘ h y p e r t r o p h i c ’  c h o n d r o c y t e s .  T h i s  l a s t  z o n e  
o f  c e l l s  s e c r e t e s  t h e  m a t r i x  t h a t  b o n e - f o r m i n g  c e l l s  
( o s t e o b l a s t s )  r e m o d e l  i n t o  n e w  b o n e  ( F a r n u m  a n d  W i l s m a n  
1 9 8 9 ;  M i n i n a ,  K r e s c h e l  e t  a l .  2 0 0 2 ) .  T h e  a c t i v i t y  o f  t h e  
c h o n d r o c y t e s  i n  t h e  g r o w t h  p l a t e  i s  a l s o  t i g h t l y  c o n t r o l l e d ,  
w i t h  m u l t i p l e  e n v i r o n m e n t a l ,  g e n e t i c ,  h o r m o n a l  a n d  e v e n  
n u t r i t i o n a l  f a c t o r s  a f f e c t i n g  t h e  a c t i v i t y  o f  t h e s e  c e l l s .  
 P r o t e o g l y c a n s  p l a y  i m p o r t a n t  r o l e s  i n  g r o w t h  p l a t e  
c a r t i l a g e  s t r u c t u r e  a n d  f u n c t i o n .  A g g r e c a n  i s  t h e  m a j o r  
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 p r o t e o g l y c a n  i n  c a r t i l a g e .  I t  c o n t a i n s  o v e r  1 0 0  c h o n d r o i t i n  
s u l f a t e  ( C S )  c h a i n s  t h a t  b i n d  w a t e r  a n d  s e r v e  t o  p r o v i d e  t h e  
“ v o l u m e ”  o f  t h e  g r o w t h  p l a t e  e x t r a c e l l u l a r  m a t r i x  ( E C M ) .  
N a t u r a l  a g g r e c a n  k n o c k o u t s  ( R i t t e n h o u s e ,  D u n n  e t  a l .  1 9 7 8 ;  L i ,  
S c h w a r t z  e t  a l .  1 9 9 3 ;  W a t a n a b e ,  K i m a t a  e t  a l .  1 9 9 4 )  h a v e  s h o r t  
l i m b s  d u e  t o  t h e  r e d u c e d  s i z e  o f  t h e  E C M  i n  t h e  g r o w t h  p l a t e .  
P r o t e o g l y c a n s  a r e  a l s o  e s s e n t i a l  i n  t h e i r  b i n d i n g  o f  g r o w t h  
f a c t o r s  i n  c a r t i l a g e ,  p r o t e c t i n g  t h e  g r o w t h  f a c t o r s  f r o m  
d e g r a d a t i o n  a n d  a l s o  s e r v i n g  t o  a l t e r n a t e l y  s e q u e s t e r  g r o w t h  
f a c t o r s  f r o m  o r  d e l i v e r  t h e m  t o  t h e i r  g r o w t h  f a c t o r  r e c e p t o r s  
( K n u d s o n  a n d  K n u d s o n  2 0 0 1 ) .  P e r l e c a n  i s  t h e  p r i m a r y  h e p a r a n  
s u l f a t e  p r o t e o g l y c a n  ( H S P G )  i n  g r o w t h  p l a t e  c a r t i l a g e  
( G o v i n d r a j ,  W e s t  e t  a l .  2 0 0 2 ) .  M o u s e  m o d e l s  h a v e  p r o v e n  t h a t  
p e r l e c a n  i s  e s s e n t i a l  f o r  g r o w t h  p l a t e  s t r u c t u r e  a n d  f o r  p r o p e r  
e n d o c h o n d r a l  b o n e  g r o w t h  ( A r i k a w a - H i r a s a w a ,  W a t a n a b e  e t  a l .  
1 9 9 9 ;  C o s t e l l ,  G u s t a f s s o n  e t  a l .  1 9 9 9 ) .  T h e  m a j o r  e f f e c t  o f  
p e r l e c a n  i n  l o n g i t u d i n a l  b o n e  g r o w t h  i s  o n  p r o l i f e r a t i o n .  
P e r l e c a n  a f f e c t s  g r o w t h  p l a t e  c h o n d r o c y t e  p r o l i f e r a t i o n  v i a  t h e  
g r o w t h  f a c t o r s  t h a t  t h i s  m u l t i - d o m a i n  p r o t e o g l y c a n  b i n d s  n o t  
o n l y  o n  t h e  v a r i o u s  r e g i o n s  o f  i t s  c o r e  p r o t e i n  b u t  a l s o  o n  t h e  
g l y c o s a m i n o g l y c a n  ( G A G )  c h a i n s  a t t a c h e d  t o  i t s  c o r e  p r o t e i n  
( I o z z o ,  C o h e n  e t  a l .  1 9 9 4 ) .  
T h e  t y p e ,  s i z e  a n d  s e q u e n c e  o f  t h e  G A G s  o n  p e r l e c a n  v a r y  
d e p e n d i n g  o n  t h e  t i s s u e  o r i g i n .  I n  g r o w t h  p l a t e  c a r t i l a g e ,  
p e r l e c a n  h a s  c h o n d r o i t i n  s u l f a t e  ( C S )  c h a i n s  o f  3 7 - 4 2  k D a  a n d  
h e p a r a n  s u l f a t e  c h a i n s  o f  2 0 - 2 2  k D a  ( W e s t ,  G o v i n d r a j  e t  a l .  
2 0 0 6 ) .  T h e  C S  c h a i n s  a c c o u n t  f o r  7 5 %  o f  t h e  t o t a l  G A G  o n  
p e r l e c a n  a n d  t h e  H S  a c c o u n t s  f o r  t h e  o t h e r  2 5 % .  
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 P a p e r  I  
W e  p r e v i o u s l y  k n e w  t h a t  p e r l e c a n  H S  c o u l d  b i n d  F G F - 2  
b u t  c o u l d  n o t  d e l i v e r  i t  t o  i t s  g r o w t h  p l a t e  F G F R  ( G o v i n d r a j ,  
W e s t  e t  a l .  2 0 0 6 ) .  F G F - 2  i s  a  p l e i o t r o p i c  g r o w t h  f a c t o r  t h a t  i s  
p r e s e n t  i n  c a r t i l a g e  a n d  n e g a t i v e l y  r e g u l a t e s  g r o w t h  p l a t e  
c h o n d r o c y t e  p r o l i f e r a t i o n ,  s i n c e  m i c e  o v e r - e x p r e s s i n g  F G F - 2  
a r e  s k e l e t a l  d w a r v e s .  I n  P a p e r  I  o f  t h i s  d i s s e r t a t i o n  ( S m i t h ,  
W e s t  e t  a l .  2 0 0 6 ) ,  w e  u s e d  t h e  c a t i o n i c  f i l t r a t i o n  ( C A F )  a n d  
i m m u n o p r e c i p i t a t i o n  ( I P )  b i n d i n g  a s s a y s  t o  s h o w  t h a t  p e r l e c a n  
p u r i f i e d  f r o m  t h e  d e v e l o p i n g  g r o w t h  p l a t e  b o u n d  t o  F G F - 2  
i n d e p e n d e n t l y  o f  a n y  o t h e r  g r o w t h  p l a t e  m o l e c u l e s  ( F i g u r e  5 ) .  
W e  f o u n d  t h a t  t h e  F G F - 2  b i n d i n g  w a s  p r i m a r i l y  t o  t h e  H S  
c h a i n s  o f  p e r l e c a n  ( F i g u r e s  6  a n d  7 ) .  D i g e s t i o n  o f  t h e  H S  
c h a i n s  s i g n i f i c a n t l y  r e d u c e d  F G F - 2  b i n d i n g  t o  p e r l e c a n  ( F i g u r e  
6 )  a n d  b o v i n e  k i d n e y  ( b k )  H S  a s  a  c o m p e t i t o r  r e d u c e d  
p e r l e c a n : F G F - 2  b i n d i n g  b y  9 0 %  ( F i g u r e  7 ) .  W e  c o n c l u d e d ,  
t h e n ,  t h a t  t h e  H S  c h a i n s  o f  p e r l e c a n  a r e  t h e  e s s e n t i a l  p l a y e r s  i n  
t h e  m a x i m a l  b i n d i n g  o f  F G F - 2  t o  p e r l e c a n .  
W e  a l s o  s h o w e d  t h a t  h e p a r i n  c o u l d  e n h a n c e  t h e  b i n d i n g  o f  
F G F - 2  t o  i t s  c e l l - s u r f a c e  F G F R ,  c o n f i r m i n g  a  p r e v i o u s l y  s h o w n  
r e l a t i o n s h i p  ( O r n i t z ,  Y a y o n  e t  a l .  1 9 9 2 ) .  W e  c o n c l u d e d  f r o m  
t h e s e  e x p e r i m e n t s  ( F i g u r e s  1 0  a n d  1 1 )  t h a t  p e r l e c a n  c o u l d  b i n d  
F G F - 2  b u t  c o u l d  n o t  d e l i v e r  i t  t o  F G F R - 1  a n d  - 3  u n l e s s  t h e  C S  
c h a i n s  w e r e  r e m o v e d .  F G F R - 1  a n d  - 3  a r e  t h e  g r o w t h  p l a t e  
F G F R s  a n d  a r e  d i r e c t  r e g u l a t o r s  o f  g r o w t h  p l a t e  c h o n d r o c y t e  
p r o l i f e r a t i o n  ( S h i a n g ,  T h o m p s o n  e t  a l .  1 9 9 4 ;  M u e n k e  a n d  
S c h e l l  1 9 9 5 ;  W h i t e ,  C a b r a l  e t  a l .  2 0 0 5 ) .  W e  t h u s  c o n c l u d e d  
t h a t  t h e  C S  c h a i n s  o n  d o m a i n s  I  a n d  V  o f  g r o w t h  p l a t e  p e r l e c a n  
( i e .  t h e  N -  a n d  C - t e r m i n a l  e n d s )  p r e v e n t  d e l i v e r y  o f  t h e  H S -
b o u n d  F G F - 2  t o  i t s  F G F R .  W e  s p e c u l a t e  t h a t  t h i s  i s  d u e  t o  t h e  
l a r g e r  s i z e  o f  t h e  C S  c h a i n s  w h i c h  c o u l d  s t e r i c a l l y  h i n d e r  t h e  
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 t r a n s f e r  o f  t h e  H S - b o u n d  F G F - 2  t o  F G F R - 1  a n d  - 3 .  T h e  
s u b s t i t u t i o n  o f  g r o w t h  p l a t e  p e r l e c a n  w i t h  C S  i s  t h u s  a  
r e g u l a t o r  o f  t h e  d e l i v e r y  v e r s u s  s e q u e s t r a t i o n  a c t i v i t i e s  o f  
p e r l e c a n  i n  t h e  g r o w t h  p l a t e  a n d  t h u s  c o n t r o l s  t h e  a c t i o n  o f  
g r o w t h  f a c t o r s  o n  t h e  c h o n d r o c y t e s .  
T h e  F G F - 2 : F G F R - 3  m e d i a t e d  p a t h w a y  o f  G P  c h o n d r o c y t e  
i n h i b i t i o n  i n v o l v e s  I n d i a n  h e d g e h o g  ( I h h ) ;  w h e n  F G F R - 3  i s  
b o u n d  b y  g r o w t h  f a c t o r s ,  i t  i n h i b i t s  I h h  e x p r e s s i o n  a n d  
p r e v e n t s  c h o n d r o c y t e  p r o l i f e r a t i o n  ( M i n i n a ,  K r e s c h e l  e t  a l .  
2 0 0 2 ) .  I t  w o u l d  b e  i n t e r e s t i n g  t o  s e e  t h e  d y n a m i c s  o f  t h i s  F G F -
2 : F G F R - 3 : I h h : p e r l e c a n  r e l a t i o n s h i p .  W e  k n o w  t h a t  p e r l e c a n  H S  
c a n  b i n d  F G F - 2  a n d  i s  a  n e c e s s a r y  c o f a c t o r  i n  t h e  s u b s e q u e n t  
b i n d i n g  o f  F G F - 2  t o  F G F R - 3  ( O r n i t z  2 0 0 0 ;  O r n i t z  a n d  M a r i e  
2 0 0 2 ) .  W e  a l s o  k n o w  t h a t  p e r l e c a n  h a s  a n  L D L - r e c e p t o r - l i k e  
r e g i o n  i n  i t s  d o m a i n  I I  ( N o o n a n ,  F u l l e  e t  a l .  1 9 9 1 ) .  D o m a i n  I I  
c o u l d  b i n d  t h e  c h o l e s t e r o l  m o i e t y  k n o w n  t o  b e  o n  I h h  ( S t -
J a c q u e s ,  H a m m e r s c h m i d t  e t  a l .  1 9 9 9 ) .  W e  c o u l d  i n v e s t i g a t e  
( u s i n g  t h e  C A F  o r  I P  b i n d i n g  a s s a y s )  w h e t h e r  p e r l e c a n  b i n d s  
I h h .  P e r l e c a n : I h h  b i n d i n g  w o u l d  a d d  a n o t h e r  l e v e l  o f  c o n t r o l  t o  
t h i s  r e g u l a t i o n  o f  c h o n d r o c y t e  a c t i v i t y .  
T h e  d o c u m e n t e d  c h a n g e s  i n  p e r l e c a n  f r o m  o n e  z o n e  o f  t h e  
g r o w t h  p l a t e  t o  t h e  n e x t  i n c l u d e  c h a n g e s  i n  t h e  C S  c h a i n  s i z e  
a n d  s u l f a t i o n  p a t t e r n  ( W e s t ,  G o v i n d r a j  e t  a l .  2 0 0 6 ) .  T h e r e f o r e ,  
i n  t h e  h y p e r t r o p h i c  a n d  l o w e r  p r o l i f e r a t i n g  z o n e ,  w h e r e  
p e r l e c a n  h a s  l a r g e r  C S  c h a i n s ,  F G F - 2  w o u l d  b e  s e q u e s t e r e d  
a w a y  f r o m  t h e  r e c e p t o r  m o r e  t h a n  i t  w o u l d  b e  i n  t h e  u p p e r  
p r o l i f e r a t i n g  a n d  t h e  r e s t i n g  z o n e s ,  w h e r e  p e r l e c a n  h a s  l e s s  C S ,  
h e n c e  t h e  d i f f e r e n t  p r o l i f e r a t i v e  a c t i v i t i e s  o f  c e l l s  i n  t h e s e  
z o n e s .  
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 P a p e r  I I  
 I t  w a s  p r e v i o u s l y  k n o w n  t h a t  F G F - 1 8  b i n d s  t o  h e p a r i n  a n d  
a l s o  t o  H S .  H o w e v e r ,  w e  a r e  t h e  f i r s t  t o  s h o w  t h a t  F G F - 1 8  a l s o  
b i n d s  t o  g r o w t h  p l a t e  p e r l e c a n  ( P a p e r  I I ) .  F G F - 1 8  i s  e x p r e s s e d  
i n  t h e  p e r i c h o n d r i a l  l a y e r  s u r r o u n d i n g  t h e  g r o w t h  p l a t e ,  m a k i n g  
i t  a  c a n d i d a t e  r e g u l a t o r  o f  g r o w t h  p l a t e  f u n c t i o n .  F G F - 1 8  i s  
e s s e n t i a l  f o r  p r o l i f e r a t i o n  o f  g r o w t h  p l a t e  c h o n d r o c y t e s  a n d  f o r  
d i f f e r e n t i a t i o n  o f  t h e  p r o l i f e r a t i n g  c h o n d r o c y t e  i n t o  
h y p e r t r o p h i c  c h o n d r o c y t e s .  I t  a l s o  r e g u l a t e s  o s t e o g e n e s i s  a n d  
v a s c u l o g e n e s i s  i n  g r o w t h  p l a t e  c a r t i l a g e .  N o t  s u r p r i s i n g l y ,  
t h e n ,  F G F - 1 8  n u l l  m i c e  h a v e  s e v e r e  a b n o r m a l i t i e s  i n  l o n g  b o n e  
g r o w t h  ( L i u ,  X u  e t  a l .  2 0 0 2 ;  O h b a y a s h i ,  S h i b a y a m a  e t  a l .  2 0 0 2 ;  
L i u ,  L a v i n e  e t  a l .  2 0 0 6 ) .  F G F - 1 8  a f f e c t s  c h o n d r o c y t e s  t h r o u g h  
F G F R - 3  ( D a v i d s o n ,  B l a n c  e t  a l .  2 0 0 5 ) ,  o s t e o g e n e s i s  t h r o u g h  
F G F R - 1  a n d / o r  - 2  ( L i u ,  X u  e t  a l .  2 0 0 2 )  a n d  v a s c u l o g e n e s i s  
t h r o u g h  V E G F  ( G e r b e r ,  V u  e t  a l .  1 9 9 9 ) .  W e  r e p o r t  t h a t  F G F - 1 8  
b i n d s  t o  p e r l e c a n  v i a  d o m a i n  I I I  o f  p e r l e c a n ’ s  c o r e  p r o t e i n .  
D o m a i n  I I I  h a s  a  r e p e t i t i v e  s t r u c t u r e  a n d  h a s  b e e n  s h o w n  t o  
h a v e  m u l t i p l e  b i n d i n g  p a r t n e r s .  B y  b i n d i n g  h e r e ,  F G F - 1 8  i s  
p o s s i b l y  b e t t e r  p o s i t i o n e d  t o  i n t e r a c t  w i t h  m u l t i p l e  g r o w t h  
f a c t o r s  a n d  r e c e p t o r s  i n  c a r t i l a g e .  B i n d i n g  t o  p e r l e c a n  w o u l d  
g i v e  t h e  p e r i c h o n d r i a l l y  e x p r e s s e d  g r o w t h  f a c t o r  a n  a c t i v e  l i n k  
t o  t h e  g r o w t h  p l a t e  c a r t i l a g e  a n d  t o  i t s  F G F R  o n  t h e  
c h o n d r o c y t e  s u r f a c e .  
W e  d o  n o t  k n o w  y e t  w h i c h  r e g i o n  o f  d o m a i n  I I I  (  
s u b d o m a i n s  I I I a ,  I I I b  o r  I I I c )  a n d ,  f u r t h e r ,  w h i c h  r e g i o n  o f  
t h e s e  s u b d o m a i n s  ( c y s t e i n e  r i c h  r o d - l i k e  o r  c y s t e i n e - f r e e  
g l o b u l a r )  r e g i o n s  F G F - 1 8  b i n d s .  T o  i n v e s t i g a t e  t h i s ,  w e  c o u l d  
d i g e s t  t h e  r e c o m b i n a n t  d o m a i n  I I I  p r o d u c t  ( t o  w h i c h  F G F - 1 8  
b o u n d  i n  o u r  e x p e r i m e n t s )  w i t h  V - 8  p r o t e a s e .  T h i s  e n z y m e  
d i g e s t s  w h o l e  p e r l e c a n  o r  d o m a i n  I I I  t o  p r o d u c e  a  4 4  k D a  a n d  a  
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 4 6  k D a  p r o t e a s e - r e s i s t a n t  d o u b l e t  o f  f r a g m e n t s  ( L e d b e t t e r ,  
F i s h e r  e t  a l .  1 9 8 7 ;  C h a k r a v a r t i ,  H o r c h a r  e t  a l .  1 9 9 5 ) .  T h e  4 4  
k D a  f r a g m e n t  i s  d e r i v e d  f r o m  d o m a i n  I I I a  a n d  t h e  4 6  k D a  
f r a g m e n t  i s  f r o m  d o m a i n  I I I b .  D i g e s t i n g  t h e  w h o l e  p e r l e c a n  o r  
d o m a i n  I I I  w i t h  V 8 - p r o t e a s e  a n d  u s i n g  F G F - 1 8  i n  a n  o v e r l a y  
a s s a y  ( u s i n g  a u t o r a d i o g r a p h y  t o  s e e  b o u n d  1 2 5 I - F G F - 1 8  o r  
W e s t e r n  b l o t  t o  s e e  u n l a b e l l e d  F G F - 1 8 )  w o u l d  s h o w  i f  t h e  
g r o w t h  f a c t o r  b o u n d  t o  d o m a i n  I I I a  o r  I I I b ) .  I f  n e i t h e r  o f  t h e s e  
s u b d o m a i n s  i s  t h e  b i n d i n g  r e g i o n  f o r  F G F - 1 8 ,  m o r e  s t r i n g e n t  
d i g e s t i o n ,  e g s .  w i t h  h e p a r i t i n a s e ,  p l a s m i n ,  s t r o m e l y s i n  o r  
c o l l a g e n a s e  ( M o n g i a t ,  T a y l o r  e t  a l .  2 0 0 0 )  c o u l d  l i b e r a t e  
a d d i t i o n a l  r e g i o n s  o f  d o m a i n  I I I  w h i c h  c o u l d  t h e n  b e  i d e n t i f i e d  
w h e n  t h e  d i g e s t s  a r e  u s e d  i n  o v e r l a y  a s s a y s .   
 
P a p e r  I I I  
 W e  h a v e  s h o w n  i n  P a p e r s  I  a n d  I I  t h a t  p e r l e c a n  b i n d s  
F G F - 2  a n d  F G F - 1 8 ,  m o s t  l i k e l y  t o  s t o r e  t h e s e  e s s e n t i a l  
m o l e c u l e s  i n  t h e  d e v e l o p i n g  g r o w  g r o w t h  p l a t e  s o  t h a t  t h e y  a r e  
p r o t e c t e d  b u t  a v a i l a b l e  w h e n  n e e d e d .  H i s t o n e s ,  l i k e  g r o w t h  
f a c t o r s ,  a r e  a l s o  d e v e l o p m e n t a l l y  i m p o r t a n t  p r o t e i n s .  H i s t o n e s  
a n d  D N A  f o r m  n u c l e o s o m e s  t h a t  s e r v e  t o  c o m p l e x  m a m m a l i a n  
g e n e s  i n t o  i n a c t i v e  h e t e r o c h r o m a t i n .  U p o n  m o d i f i c a t i o n  ( v i a  
a c e t y l a t i o n  o r  d e m e t h y l a t i o n )  t h e  h i s t o n e s ’  a f f i n i t y  f o r  D N A  i s  
d e c r e a s e d  d u e  t o  t h e i r  n o w  m o r e  n e g a t i v e  c h a r g e ,  t h e y  a r e  
r e p e l l e d  f r o m  t h e  D N A  a n d  l e a v e  t h e  D N A  a c c e s s i b l e  t o  
t r a n s c r i p t i o n  f a c t o r s  a n d  o t h e r  e l e m e n t s  o f  t h e  t r a n s c r i p t i o n a l  
m a c h i n e r y ,  w h i c h  c a u s e s  g e n e  t r a n s c r i p t i o n  ( S c h m i e d e k e ,  
S t o c k l  e t  a l .  1 9 8 9 ) .  
W e  r e p o r t  i n  P a p e r  I I I  o f  t h i s  d i s s e r t a t i o n  t h a t  p e r l e c a n  
b i n d s  t o  H 3  b y  b o t h  i t s  c o r e  p r o t e i n  a n d  i t s  G A G  c h a i n s .  
H i s t o n e  H 3  i s ,  l i k e  t h e  o t h e r  h i s t o n e s ,  n o r m a l l y  e x p r e s s e d  
137 
 n u c l e a r l y .  B u t  h i s t o n e s  h a v e  a l s o  b e e n  i d e n t i f i e d  e x t r a -
n u c l e a r l y  a n d  e v e n  e x t r a c e l l u l a r l y  ( W a t s o n ,  E d w a r d s  e t  a l .  
1 9 9 5 ;  H e n r i q u e z ,  C a s a r  e t  a l .  2 0 0 2 ) .  I n  o u r  w o r k ,  w e  s h o w  t h a t  
H 3  i s  a  p a r t  o f  t h e  g r o w t h  p l a t e  c a r t i l a g e  e x t r a c e l l u l a r  m a t r i x  
( E C M )  w h e r e  i t  c o l o c a l i z e s  w i t h  p e r l e c a n  i n  t h e  p e r i c e l l u l a r  
m a t r i x  s u r r o u n d i n g  t h e  c h o n d r o c y t e s  ( F i g u r e  2 2 ) .  W e  p r o p o s e  
t h a t ,  h e r e ,  a  p o o l  o f  H 3  c a n  b e  s t o r e d  b y  p e r l e c a n  i n  t h e  E C M  
t o  a f f e c t  c h o n d r o c y t e  f u n c t i o n ,  a s  w a s  s h o w n  f o r  h i s t o n e  H 1  i n  
s k e l e t a l  m u s c l e  c e l l s  ( H e n r i q u e z ,  C a s a r  e t  a l .  2 0 0 2 ) .  F r o m  
H D A C 4  k n o c k o u t  s t u d i e s ,  w e  g u e s s e d  t h a t  t h e  i n t e r a c t i o n s  
b e t w e e n  p e r l e c a n  a n d  H 3  a l s o  i n v o l v e  t h e  h i s t o n e  d e a c e t y l a s e  
( H D A C ) - 4 ,  w h i c h  r e m o v e s  a c e t y l  g r o u p s ,  a n d  a l s o  t h e  
t r a n s c r i p t i o n  f a c t o r  R u n x 2  i n  c o n t r o l l i n g  a s p e c t s  o f  
e n d o c h o n d r a l  b o n e  g r o w t h  ( V e g a ,  M a t s u d a  e t  a l .  2 0 0 4 ) .  
 
A  T a l e  o f  T w o  G r o w t h  F a c t o r s  
P e r l e c a n  h a s  d i f f e r e n t  r e l a t i v e  a f f i n i t i e s  f o r  F G F - 2  a n d  
F G F - 1 8 .  O u r  r e s u l t s  i n  P a p e r  I ,  F i g u r e  5  w h e n  a n a l y s e d  w i t h  
S i g m a P l o t  R e g r e s s i o n  W i z a r d  g a v e  a  k d  o f  6 5  n M  ( F i g u r e  2 3 ,  
b e l o w ,  p a r t  B ) .  P a p e r  I I  r e p o r t s  a  1 4 5  n M  k d  f o r  F G F -
1 8 : p e r l e c a n  b i n d i n g  ( P a r t  A ) .   
138 
 
 
F i g u r e  2 3 :  D i f f e r r i n g  a f f i n i t i e s  o f  F G F - 1 8  a n d  F G F - 2  f o r  
G r o w t h  P l a t e  P e r l e c a n .  
 
C o n s i d e r i n g  t h e  v a r i o u s  c a r t i l a g e  r e c e p t o r s  a n d  o t h e r  
p r o t e i n s  t h a t  F G F - 1 8  i n t e r a c t s  w i t h  ( F G F R - 1 ,  - 2 ,  - 3 ,  V E G F  a n d  
V E G F R )  i t  i s  r e a s o n a b l e  t o  u n d e r s t a n d  w h y  F G F - 1 8  i s  l e s s  
t i g h t l y  a s s o c i a t e d  w i t h  p e r l e c a n  t h a n  F G F - 2  i s .  B a s e d  o n  t h e  
k n o c k o u t  d a t a  f o r  F G F - 2  ( M o n t e r o ,  O k a d a  e t  a l .  2 0 0 0 ) ,  F G F - 1 8  
( L i u ,  X u  e t  a l .  2 0 0 2 ;  O h b a y a s h i ,  S h i b a y a m a  e t  a l .  2 0 0 2 ;  L i u ,  
L a v i n e  e t  a l .  2 0 0 6 ) ,  t h e  p e r l e c a n  G A G s  ( R o s s i ,  M o r i t a  e t  a l .  
2 0 0 3 ) ,   t o  w h i c h  F G F - 2  b i n d s ,  a n d  t h e  p e r l e c a n  c o r e  p r o t e i n  
( A r i k a w a - H i r a s a w a ,  W a t a n a b e  e t  a l .  1 9 9 9 ;  C o s t e l l ,  G u s t a f s s o n  
e t  a l .  1 9 9 9 ) ,  t o  w h i c h  F G F - 1 8  b i n d s ,  w e  f u r t h e r  p r o p o s e  i n  t h e  
d i s c u s s i o n  o f  o u r  d a t a  i n  P a p e r  I I I  t h a t  F G F - 1 8  i s  t h e  c r i t i c a l  
l i g a n d  i n  e n d o c h o n d r a l  b o n e  g r o w t h .  B i n d i n g  t i g h t l y  b u t  w i t h  
l e s s  a f f i n i t y  t h a n  F G F - 2  l e a v e s  t h i s  m o s t  c r u c i a l  l i g a n d  m o r e  
r e a d i l y  a c c e s s i b l e  t o  r e c e p t o r s  a n d  o t h e r  r e g u l a t o r y  p r o t e i n s .  
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 A n o t h e r  e x p l a n a t i o n  f o r  t h e  d i f f e r e n t  a f f i n i t i e s  o f  t h e  
t w o  g r o w t h  f a c t o r s  f o r  p e r l e c a n  m i g h t  l i e  i n  t h e  i n c r e a s e d  
e l e c t r o s t a t i c  i n t e r a c t o n  b e t w e e n  t h e  d e n s e l y  n e g a t i v e  G A G s  o f  
p e r l e c a n  a n d  t h e  h i g h l y  b a s i c  F G F - 2  v e r s u s  t h e  i n t e r a c t i o n  
b e t w e e n  t h e  F G F - 1 8  a n d  d o m a i n  I I I  o f  t h e  p e r l e c a n  c o r e .  
 
F i n a l l y  
 T a k e n  t o g e t h e r ,  t h e  d a t a  i n  t h i s  d i s s e r t a t i o n  s h o u l d  h e l p  
t o  e x p l a i n  p a r t  o f  t h e  d y n a m i c s  o f  t h e  p e r l e c a n  i n t e r a c t i o n s  
s h o w n  t o  b e  s o  e s s e n t i a l  f o r  t h e  m u l t i f u n c t i o n a l i t y  o f  t h i s  
p r o t e o g l y c a n  i n  t h e  g r o w t h  p l a t e .  W e  h a v e  u n c o v e r e d  t h e  
p r e v i o u s l y  u n k n o w n  r o l e  o f  t h e  C S  c h a i n s  o n  p e r l e c a n  a n d  h a v e  
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Append ix  :  F ocu s  on  P er l ec an  
 
F o c u s  o n  M o l e c u l e s :  P e r l e c a n  ( H S P G 2 )  
 
S i m o n e  S m i t h 1  a n d  J o h n  R  H a s s e l l 1 , 2  
1 D e p a r t m e n t  o f  M o l e c u l a r  M e d i c i n e ,  U n i v e r s i t y  o f  S o u t h  
F l o r i d a  C o l l e g e  o f  M e d i c i n e ,  T a m p a ,  F l  3 3 6 1 2 .   2  C e n t e r  f o r  
R e s e a r c h  i n  S k e l e t a l  D e v e l o p m e n t  a n d  P e d i a t r i c  O r t h o p e d i c s ,  
S h r i n e r s  H o s p i t a l s  f o r  C h i l d r e n  –  T a m p a ,  F l .  3 3 6 1 2   
 
 
K e y  W o r d s :  b a s e m e n t  m e m b r a n e  p r o t e o g l y c a n ,  c a r t i l a g e ,  
h s p g 2 ,  i n t r a o c u l a r  p r e s s u r e  
 
P u b l i s h e d  i n  E x p e r i m e n t a l  E y e  R e s e a r c h  S e p t e m b e r  2 0 0 6 ;  
8 3 ( 3 ) : 4 7 1 - 2 .  E p u b  M a r c h  2 3 ,  2 0 0 6 .   
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( 1 )  S t r u c t u r e :   P e r l e c a n  ( N M _ 0 0 5 5 2 9 )  w a s  f i r s t  i d e n t i f i e d  a s  
a  h e p a r a n  s u l f a t e  p r o t e o g l y c a n  i n  b a s e m e n t  m e m b r a n e s  ( I o z z o  
1 9 9 4 ) .  I n  a  r o t a r y  s h a d o w e d  i m a g e ,  t h e  c o r e  p r o t e i n  o f  p e r l e c a n  
( w i t h  i t s  g l o b u l a r  d o m a i n s  s p a c e d  b y  r o d - l i k e  s e q u e n c e s )  
r e s e m b l e s  a  s t r i n g  o f  p e a r l s ,  h e n c e  i t s  n a m e  ( I o z z o  1 9 9 4 ) .  T h e  
p r o t e i n  c o r e  i s  e n c o d e d  b y  a n  a p p r o x i m a t e l y  1 2 0  k b  g e n e  w i t h  
9 7  e x o n s  ( N T - 0 0 4 5 7 6 ) .  T h e  g e n e  i s  w e l l  c o n s e r v e d  a c r o s s  
s p e c i e s ,  w i t h  h o m o l o g u e s  o f  m a m m a l i a n  p e r l e c a n  ( h s p g 2  g e n e )  
p r e s e n t  i n  C .  e l e g a n s  ( u n c 5 2  g e n e ) ,  D r o s o p h i l a  ( t r o l  g e n e )  a n d  
o t h e r  s p e c i e s .  I n  h u m a n s ,  p e r l e c a n ’ s  c o r e  p r o t e i n  i s  4 6 6  k D a  i n  
s i z e .  M i c e  a l s o  h a v e  a  3 6 9  k D a  c o r e  p r o t e i n  d u e  t o  a l t e r n a t i v e  
s p l i c i n g  ( H a s s e l l ,  Y a m a d a  e t  a l .  2 0 0 2 ) .  
P e r l e c a n  i s  a l s o  p r e s e n t  i n  e x t r a c e l l u l a r  m a t r i x  o f  
c a r t i l a g e ,  w h e r e  i t  h a s  b o t h  c h o n d r o i t i n  s u l f a t e  ( C S )  a n d  
h e p a r a n  s u l f a t e  ( H S )  c h a i n s  ( H a s s e l l ,  Y a m a d a  e t  a l .  2 0 0 2 ) .  T h e  
C S  a n d  H S  c h a i n s  v a r y  i n  s i z e  a n d  s u g a r  r e s i d u e  s e q u e n c e  
d e p e n d i n g  o n  t h e  t i s s u e  l o c a t i o n  o f  t h e  p e r l e c a n .  T h e  c o r e  
p r o t e i n  o f  p e r l e c a n  c o n s i s t s  o f  f i v e  d o m a i n s .  D o m a i n  I  i s  t h e  
m o s t  u n i q u e ,  s h o w i n g  s i g n i f i c a n t  h o m o l o g y  t o  n o  k n o w n  
p r o t e i n s  ( H a s s e l l ,  Y a m a d a  e t  a l .  2 0 0 2 ) .  D o m a i n  I I  s h o w s  
h o m o l o g y  t o  p o r t i o n s  o f  t h e  L D L  r e c e p t o r ,  d o m a i n  I I I  t o  
r e g i o n s  o f  t h e  l a m i n i n  s h o r t  a r m ,  d o m a i n  I V  t o  N - C A M  a n d  
d o m a i n  V  t o  t h e  g l o b u l a r  d o m a i n  o f  t h e  l a m i n i n  A  c h a i n .  T h e  
n e g a t i v e l y  c h a r g e d  g l y c o s a m i n o g l y c a n  ( G A G )  c h a i n s  a r e  
a t t a c h e d  a t  d o m a i n s  I  a n d  V .  
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( 2 )  F u n c t i o n :   I n  c a r t i l a g e ,  p e r l e c a n  i s  e s s e n t i a l  f o r  i n t e g r i t y  
o f  t h e  m a t r i x ,  b i n d i n g  p r o t e i n s  s u c h  a s  f i b u l i n  a n d  f i b r o n e c t i n   
t o  f o r m  a  s c a f f o l d i n g  n e t w o r k  b e t w e e n  t h e  c h o n d r o c y t e s  t o  
o r g a n i z e  t h e m  a n d  s t a b i l i z e  t h e  c a r t i l a g e  ( H a s s e l l ,  Y a m a d a  e t  
a l .  2 0 0 2 ) .  P e r l e c a n  a l s o  f u n c t i o n s  i n  c e l l  a t t a c h m e n t  i n  a r e a s  
s u c h  a s  b a s e m e n t  m e m b r a n e s  ( B M ) ,  w h e r e  i t  b i n d s  t o  o t h e r  B M  
c o m p o n e n t s  s u c h  a s  l a m i n i n  a n d  C o l l a g e n  I V  ( I o z z o  1 9 9 4 ) .   
I n  s k e l e t a l  m u s c l e ,  p e r l e c a n  e n a b l e s  m u s c l e  c e l l  
p r o l i f e r a t i o n  v i a  g r o w t h  f a c t o r  s i g n a l i n g  a n d  a f f e c t s  c e l l  
s t a b i l i t y  t h r o u g h  β 1 - I n t e g r i n s  ( I o z z o  1 9 9 4 ) .  P e r l e c a n  a l s o  h e l p s  
t o  m e d i a t e  m u s c l e  c o n t r a c t i o n  b y  l o c a l i z i n g  a c e t y l c h o l i n e  
e s t e r a s e  t o  t h e  n e u r o m u s c u l a r  j u n c t i o n  ( N M J )  s o  t h a t  m u s c l e s  
c a n  r e l a x  a f t e r  c o n t r a c t i o n .  A c e t y l c h o l i n e  a c t s  a s  a  
n e u r o t r a n s m i t t e r  i n  s k e l e t a l  m u s c l e ,  b i n d i n g  i t s  r e c e p t o r  o n  t h e  
c e l l  s u r f a c e  a n d  a c t i v a t i n g  s o d i u m  c h a n n e l s  t o  c a u s e  m u s c l e  
c o n t r a c t i o n .  A c e t y l c h o l i n e  e s t e r a s e  r e v e r s e s  t h i s  p r o c e s s  t o  
c a u s e  b o t h  m u s c l e  r e l a x a t i o n  a n d  r e c y c l i n g  o f  t h e  
n e u r o t r a n s m i t t e r .  T h i s  e s t e r a s e  a n d  p e r l e c a n  a r e  b o t h  n o r m a l  
p a r t s  o f  t h e  c l u s t e r  o f  p r o t e i n s  f o r m i n g  t h e  N M J .  T h e  c o l l a g e n -
t a i l e d  f o r m  o f  t h e  a c e t y l c h o l i n e  e s t e r a s e  b i n d s  p e r l e c a n  i n  
v i t r o  a n d  i s  a b s e n t  a t  t h e  N M J  o f  p e r l e c a n - n u l l  m i c e ,  
s u p p o r t i n g  t h e  t h e o r y  t h a t  p e r l e c a n  h e l p s  t o  l o c a l i z e  
a c e t y l c h o l i n e  e s t e r a s e  t o  t h e  N M J .  T h e  p o l y a n i o n i c  G A G  c h a i n s  
o f  p e r l e c a n  a s  w e l l  a s  i t s  c o r e  p r o t e i n  c a n  b i n d  g r o w t h  f a c t o r s  
a s  d i v e r s e  a s  F G F 2 ,  F G F 7 ,  P D G F  a n d  E G F  t o  a f f e c t  p r o c e s s e s  
s u c h  a s  a n g i o g e n e s i s ,  c e l l  p r o l i f e r a t i o n / d i f f e r e n t i a t i o n ,  
e m b r y o g e n e s i s  a n d  l o n g  b o n e  g r o w t h  ( I o z z o  1 9 9 4 ) .  T h i s  
m o d u l a t i o n  o f  c e l l  p r o l i f e r a t i o n  a n d  d i f f e r e n t i a t i o n  i s  a l s o   
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i m p o r t a n t  f o r  t h e  r e m o d e l i n g  t h a t  o c c u r s  a f t e r  i n j u r y  t o  t i s s u e s  
s u c h  a s  m u s c l e ,  a r t e r i e s  a n d  c o r n e a .  P e r l e c a n  e x p r e s s i o n  i s  
u p r e g u l a t e d  a f t e r  c o r n e a l  s t r o m a l  i n j u r y  a n d  a f t e r  a n  a r t i f i c i a l  
i n c r e a s e  i n  i n t r a o c u l a r  p r e s s u r e  - w h i c h  h e l p s  t o  m a i n t a i n  
c o r n e a l  s h a p e  ( V i t t i t o w  a n d  B o r r a s  2 0 0 4 ) .  P e r l e c a n  m u s t ,  
t h e r e f o r e ,  b e  n o t  o n l y  p r o t e c t i v e  i n  t h e  e y e  ( f o r m i n g  s t a b l e  
l e n s  b a s e m e n t  m e m b r a n e s )  b u t  a l s o  r e c u p e r a t i v e  ( i n  r e m o d e l i n g  
o f  i n j u r e d  o c u l a r  t i s s u e ) .  P e r l e c a n  m a i n t a i n s  c e l l  a d h e s i o n  a n d  
i n t e g r i t y  o f  t h e  c o r n e a l  m a t r i x  ( V i t t i t o w  a n d  B o r r a s  2 0 0 4 ) ,  a n d  
a l s o  h e l p s  t o  m a i n t a i n  t h e  s e l e c t i v e  b a s e m e n t  m e m b r a n e  b a r r i e r  
t h a t  c o n t r o l s  f l u i d  f l o w  i n  t h e  e y e  ( R o s s i ,  M o r i t a  e t  a l .  2 0 0 3 ) .   
 
( 3 )  D i s e a s e  I n v o l v e m e n t :   P e r l e c a n  i s  a n  e s s e n t i a l  m o l e c u l e  
i n  c a r t i l a g e .  S i l v e r m a n - H a n d m a k e r  t y p e  d y s s e g m e n t a l  d y s p l a s i a  
( D D S H )  i s  a  “ l e t h a l ,  a u t o s o m a l  r e c e s s i v e  s k e l e t a l  d y s p l a s i a ”  
( H a s s e l l ,  Y a m a d a  e t  a l .  2 0 0 2 ) .  I t  i s  a n a l o g o u s  t o  t h e  s e v e r e  
d w a r f i s m  s e e n  i n  t h e  p e r l e c a n  n u l l  m o u s e .  T h e s e  m i c e  h a v e  
l i m b  a n d  s k u l l  b o n e s  t h a t  a r e  s h o r t e r  a n d  w i d e r  t h a n  n o r m a l .  
T h e  c r a n i o f a c i a l  d e f e c t s  a r e  s e v e r e  a n d  d e a t h  o c c u r s  u p  t o  d a y s  
a f t e r  b i r t h .  F o r  s o m e  o f  t h e  m i c e ,  d e a t h  o c c u r s  p r e n a t a l l y  d u e  
t o  d e f e c t i v e  b a s e m e n t  m e m b r a n e  f o r m a t i o n  i n  t h e  a b s e n c e  o f  
p e r l e c a n  ( H a s s e l l ,  Y a m a d a  e t  a l .  2 0 0 2 ) .  T h e r e  i s  a l s o  a  d e f e c t  
i n  a c e t y l c h o l i n e  e s t e r a s e  e x p r e s s i o n  a t  t h e  n e u r o m u s c u l a r  
j u n c t i o n  ( N M J )  o f  p e r l e c a n  n u l l  m i c e .  W e r e  t h e s e  m i c e  t o  
s u r v i v e  l o n g  e n o u g h ,  t h e y  m i g h t  e x h i b i t  p a r a l y z e d  o r  s p a s t i c  
m u s c l e s  t h a t  w e r e  u n a b l e  t o  r e l a x  a f t e r  c o n t r a c t i o n .  A  d e f e c t  i n  
t h e  u n c 5 2  g e n e  ( h o m o l o g o u s  t o  m a m m a l i a n  p e r l e c a n  g e n e )  i n  C .  
e l e g a n s  s i m i l a r l y  c a u s e s  a d u l t  m u s c l e  p a r a l y s i s .  M u s c l e  
e x c i t a b i l i t y  a n d  m y o t o n i a  a r e  a l s o  s e e n  i n  h u m a n s  w i t h  D D S H .  
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P e r l e c a n  i s  a n  i m p o r t a n t  c o m p o n e n t  o f  b a s e m e n t  
m e m b r a n e s  ( B M ) ,  w h i c h  a r e  v i t a l  i n  m a n y  t i s s u e s .  P e r l e c a n ’ s  
s t r u c t u r a l  ( b a r r i e r )  a n d  f u n c t i o n a l  ( s i g n a l i n g )  r o l e s  i n  B M s  a r e  
i n t e g r a l  i n  t h e  e y e s ,  a s  a n o t h e r  m o u s e  m o d e l  s h o w s .  M i c e  w i t h  
a  t a r g e t e d  d i s r u p t i o n  i n  e x o n  3  o f  t h e  p e r l e c a n  g e n e  ( t h e  e x o n  
t h a t  e n c o d e s  t h e  t h r e e  G A G  a t t a c h m e n t  s i t e s  o n  D o m a i n  I  o f  
p e r l e c a n )  h a s  a b n o r m a l  e y e s  ( R o s s i ,  M o r i t a  e t  a l .  2 0 0 3 ) .  T h e  
e y e s  o f  t h e s e  h s p g 2 ∆ 3 / ∆ 3  m i c e  a r e  7 7 %  t h e  w e i g h t  o f  n o r m a l  
e y e s ,  d u e  t o  a p o p t o s i s .  T h e  l e n s  e p i t h e l i a l  c e l l s  o f  t h e  p e r l e c a n  
m u t a n t s  s h o w  n o r m a l  p r o l i f e r a t i o n .  H o w e v e r ,  w h e n  t h e s e  
m u t a n t s  a r e  c r o s s - b r e d  w i t h  C o l  X V I I I  m u t a n t s ,  t h e  
p r o l i f e r a t i o n  o f  t h e  l e n s  e p i t h e l i a l  c e l l s  i s  a b n o r m a l .  T h i s  
d i f f e r e n c e  i n  d e f e c t  i s  l i k e l y  d u e  t o  h a v i n g  c o m p e n s a t o r y  C o l  
X V I I I  h e p a r a n  s u l f a t e  c h a i n s  s t i l l  p r e s e n t  a n d  f u n c t i o n a l  
( b i n d i n g  g r o w t h  f a c t o r s )  i n  t h e  p e r l e c a n  m u t a n t s  b u t  l o s t  i n  t h e  
d o u b l e  m u t a n t s .   
T h e  l e n s  f i b e r s  i n  t h e  h s p g 2 ∆ 3 / ∆ 3  m u t a n t s  f o r m  n o r m a l l y  a t  
f i r s t  b u t  g r a d u a l l y  s w e l l ,  b e c o m i n g  a m o r p h o u s  a n d  r u p t u r i n g  
t h e  l e n s  b y  t h e  t i m e  t h e  m i c e  r e a c h  6  m o n t h s  o f  a g e .  T h i s  
s w e l l i n g  i s  d u e  t o  a n o t h e r  r o l e  o f  p e r l e c a n  i n  t h e  l e n s  c a p s u l e  
w h e r e  p e r l e c a n  m a i n t a i n s  a  s e l e c t i v e  b a r r i e r  b e t w e e n  t h e  
v i t r e o u s  b o d y  a n d  t h e  l e n s ,  b i n d i n g  t o  m o l e c u l e s  v i a  i t s  G A G  
c h a i n s  a n d  a i d i n g  t h e  s e l e c t i v e  e x c h a n g e  o f  g r o w t h  f a c t o r s ,  
m e t a b o l i t e s  a n d  n u t r i e n t s .  W i t h  t h e  p e r l e c a n  G A G s  a b s e n t ,  t h e  
f l o w  f r o m  t h e  l e n s  a n d  o t h e r  r e g i o n s  g o e s  u n c h e c k e d ,  w i t h  t h e  
f i b e r s  s w e l l i n g  d u e  t o  a b n o r m a l l y  h i g h  f l u i d  i n t a k e .   
T h e r e  a r e  a l s o  e y e  a n o m a l i e s  i n  t h e  r e p e r t o i r e  o f  h u m a n  
d i s o r d e r s  c a u s e d  b y  d e f e c t i v e  p e r l e c a n .  A  D D S H  f e t u s  h a s  b e e n  
r e p o r t e d  w i t h  b i l a t e r a l  c a t a r a c t s  a n d  e x o p h t h a l m o s  ( a b n o r m a l  
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p r o t r u s i o n  o f  t h e  e y e b a l l ) .  I n  t h e  m i l d e r  p e r l e c a n - r e l a t e d  
S c h w a r t z - J a m p e l  S y n d r o m e  ( S J S ) ,  p a t i e n t s  s u f f e r  m y o p i a  o r  
‘ n e a r - s i g h t e d n e s s ’  ( H a s s e l l ,  Y a m a d a  e t  a l .  2 0 0 2 ) .  W i t h  t h e  
w i d e  e x p r e s s i o n  o f  p e r l e c a n  i n  t h e  e y e ,  i t  i s  e a s y  t o  s e e  h o w  
t h i s  p r o t e o g l y c a n  c a n  b e  i n v o l v e d  i n  d i s e a s e s  t h a t  c a u s e  
d e f e c t i v e  v i s i o n .   
 
( 4 )  F o c u s  o f  F u t u r e  S t u d i e s :   H u m a n  d i s o r d e r s  a n d  a n i m a l  
m o d e l s  a r e  i n t r i g u i n g  t a r g e t s  f o r  f u r t h e r  s t u d i e s  o f  t h e  
f u n c t i o n s  o f  p e r l e c a n  i n  t h e  e y e .  S J S  a n d  D D S H  p a t i e n t s  
p r e s e n t  a  w i d e  s p e c t r u m  o f  p h e n o t y p e s .  I n  D D S H  a n d  t h e  l e s s  
s e v e r e  S J S ,  e y e s  c o u l d  b e  r o u t i n e l y  e x a m i n e d  f o r  d e f e c t s .  T e s t s  
c o u l d  m i r r o r  t h o s e  d o n e  w i t h  t h e  h s p g 2 Δ 3 / Δ 3  m o u s e ,  t h a t  i s ,  
a s s e s s i n g  l e n s  i n t e g r i t y ,  o c u l a r  b a s e m e n t  m e m b r a n e  f o r m a t i o n  
a n d  a n y  e v e n t u a l  e y e  d e g e n e r a t i o n  c a u s e d  b y  t h e  l a c k  o r  
a b s e n c e  o f  f u n c t i o n a l  p e r l e c a n .   
A n o t h e r  a p p r o a c h  f o r  f u t u r e  s t u d i e s  i s  t o  i n v e s t i g a t e  
d i s e a s e s  t h a t  i n v o l v e  a  v i s u a l  d e f e c t  b u t  h a v e  n o t  b e e n  l i n k e d  
t o  p e r l e c a n .  B i o c h e m i c a l  a n d  m o l e c u l a r  a n a l y s i s  o f  p e r l e c a n  i n  
t h e s e  p a t i e n t s  c o u l d  h i g h l i g h t  a n y  r o l e  f o r  p e r l e c a n  i n  t h e s e  
d i s o r d e r s .  F o r  e x a m p l e ,  o n  e n c o u n t e r i n g  i n d i v i d u a l s  w i t h  
m u s c u l a r  d y s t r o p h y  o r  s o m e  o t h e r  c o n g e n i t a l  d i s e a s e  a n d  w h o  
h a v e  d e f e c t i v e  v i s i o n ,  a n a l y s i s  o f  p e r l e c a n  e x p r e s s i o n  i n  t h e i r  
o c u l a r  t i s s u e s  w i l l  d e t e r m i n e  t h e  p a t t e r n  o f  p e r l e c a n  e x p r e s s i o n  
i n  t h e s e  d i s o r d e r s .  I n  s u c h  s t u d i e s ,  c o r r e l a t i o n s  b e t w e e n  t h e  
p e r l e c a n  g e n o t y p e  o f  p a t i e n t s  a n d  t h e  e y e  p h e n o t y p e s  t h e y  h a v e  
c o u l d  f u r t h e r  u n c o v e r  t h e  o c u l a r  f u n c t i o n a l i t y  o f  t h i s  
m u l t i f a c e t e d  p r o t e o g l y c a n .  
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 A p p e n d i x :  ( c o n t i n u e d )  
F i g u r e  2 3 .       
 
P e r l e c a n  c o r e  p r o t e i n :  D e t e r m i n e d  d o m a i n  s t r u c t u r e  a n d  G A G  
a t t a c h m e n t .  D o m a i n s  I I  t o  V  o f  p e r l e c a n  s h o w  h o m o l o g y  t o  t h e  
L D L  r e c e p t o r  ( L D L r ) ,  t h e  s h o r t  a r m  o f  l a m i n i n  A  a n d  B ,  t h e  
n e u r a l  c e l l  a d h e s i o n  m o l e c u l e  ( N C A M ) ,  a n d  t h e  g l o b u l a r  a r m  o f  
l a m i n i n  A  a n d  B .  T h e  h e p a r a n  s u l f a t e  o r  c h o n d r o i t i n  s u l f a t e  
G A G s  a r e  a t t a c h e d  o n  d o m a i n s  I  a n d  V .  A l s o  d e p i c t e d  i s  t h e  
r e g i o n  o f  d o m a i n  I  t h a t  i s  a b s e n t  w h e n  e x o n  3  i s  d i s r u p t e d .  
 
 
 
 
R e f e r e n c e s  F o r  A p p e n d i x  
 
H a s s e l l ,  J . ,  Y .  Y a m a d a ,  e t  a l .  ( 2 0 0 2 ) .  " R o l e  o f  p e r l e c a n  i n  
s k e l e t a l  d e v e l o p m e n t  a n d  d i s e a s e s . "  G l y c o c o n j  J  1 9 ( 4 - 5 ) :  2 6 3 -
7 .  
 
I o z z o ,  R .  V .  ( 1 9 9 4 ) .  " P e r l e c a n :  a  g e m  o f  a  p r o t e o g l y c a n . "  
M a t r i x  B i o l  1 4 ( 3 ) :  2 0 3 - 8 .  
R o s s i ,  M . ,  H .  M o r i t a ,  e t  a l .  ( 2 0 0 3 ) .  " H e p a r a n  s u l f a t e  c h a i n s  o f  
p e r l e c a n  a r e  i n d i s p e n s a b l e  i n  t h e  l e n s  c a p s u l e  b u t  n o t  i n  t h e  
k i d n e y . "  E m b o  J  2 2 ( 2 ) :  2 3 6 - 4 5 .  
V i t t i t o w ,  J .  a n d  T .  B o r r a s  ( 2 0 0 4 ) .  " G e n e s  e x p r e s s e d  i n  t h e  
h u m a n  t r a b e c u l a r  m e s h w o r k  d u r i n g  p r e s s u r e - i n d u c e d  
h o m e o s t a t i c  r e s p o n s e . "  J  C e l l  P h y s i o l  2 0 1 ( 1 ) :  1 2 6 - 3 7 .
 About  t he  Aut ho r  
 
 S imone  Mar sha- L ee  Smi th  wa s  bo r n  an d  r a i s ed  in  J ama ica  t hen  
immigr a t ed  wi t h  he r  f ami l y  t o  F lo r id a  a t  t he  a ge  o f  s ix t e en .  She  
g r adu a ted  f r om th e  Un i ver s i t y  o f  Sou t h  F lo r ida  wi th  Un iv er s i t y  
Honor s ,  a  Ba ch e lo r  o f  Sc i enc e  i n  Bi o lo gy  and  a  mi nor  i n  
Psyc ho lo gy .  She  co mple t ed  a n  und er g r adua te  r e se a r ch  th es i s  w i th  
Dr .  Wi l l i am G ower  a t  USF .  Her  un der g r adua t e  ex per i e nc e  f os t e r ed  
in  he r  a  l ov e  f o r  r e s ea r ch ,  wh ic h  con t i nued  on  h e r  en r o l lmen t  i n  
USF’ s  I P 2 C M B ( I n t e r d i sc i p l in a r y  Ph . D  P r ogr am in  C e l lu l a r  and  
Mol ecu l a r  Bio logy)  i n  t h e  I ns t i t u t e  f o r  Biomol ecu la r  Sc i enc e  ( I BS) .  
Her  t en ur e  wi th  Dr .  Has s e l l  an d  h i s  v a r ious  l ab  memb er s  over  t h e  
yea r s  ha s  p r omo ted  h e r  con t i nue d  com mi tmen t  t o  r es ea r c h .   
